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Abstract
There is an ever-increasing desire to develop novel materials that could control the
release of active compounds and increase their stability. Replacing petroleum-based syn-
thetic polymers with sustainable materials has many advantages, such as reducing the
dependence on fossil fuels, and diminishing environmental pollution. Recently, cellulose
nanocrystal (CNC) obtained by acid hydrolysis of cellulose fibres has gained a lot of in-
terest. The high mechanical strength, large and negatively charged surface area, and the
presence of several hydroxyl groups that allow for modification with different functionali-
ties make CNC an excellent candidate for various applications in the biomedical field. This
thesis explores (i) the surface modification and characterization of modified CNC and (ii)
the biomedical applications of these novel sustainable nanomaterials.
In the first part, amine functionalized CNC was prepared. Ammonium hydroxide was
reacted with epichlorohydrin (EPH) to produce 2-hydroxy-3-chloro propylamine (HCPA),
which was then grafted to CNC using an etherification reaction. A series of reactions were
carried out to determine the optimal conditions. The final product (CNC-NH2(T)) was
dialyzed for one week. Further purification via centrifugation yielded the sediment (CNC-
NH2(P)) and supernatant (POLY-NH2). The presence of amine groups was confirmed by
FT-IR and the amine content was determined by potentiometric titration and elemental
analysis. A high amine content of 2.2 and 0.6 mmol amine/g was achieved for CNC-
NH2(T) and CNC-NH2(P), respectively. Zeta potential measurements confirmed the charge
reversal of amine CNC from negative to positive when the pH was decreased from 10
to 3. TEM images showed similar structural properties of the nanocrystals along with
some minor aggregation. This simple, yet effective synthesis method can be used for
further conjugation as required for various biomedical applications. Moreover, the surface
of CNC was modified with chitosan oligosaccharide (CSOS). First, the primary alcohol
groups of CNC were selectively oxidized to carboxyl groups using the catalyst, 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO), and were then reacted with the amino
groups of CSOS via the carbodiimide reaction using N-hydroxysuccinimide (NHS) and
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC). The appearance of C=O peak
in FT-IR spectrum of oxidized CNC (CNC-OX), accompanied by calculations based on
potentiometric titration revealed that CNC was successfully oxidized with a degree of
oxidation of 0.28. The grafting of CSOS on oxidized CNC was confirmed by the following
observations: (i) the reduction of the C=O peak in FT-IR of CNC-CSOS and the appearance
of new amide peaks; (ii) the significant reduction of the carbonyl peak at 175 ppm in the
13C NMR spectrum for CNC-CSOS; (iii) a higher decomposition temperature in TGA of
CNC-CSOS; (iv) a positive zeta potential of CNC-CSOS at acidic pH; and (v) a degree of
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substitution of 0.26, which is close to the DO (0.28), indicating that ∼ 90% of COOH
groups on CNC-OX were involved in the formation of amide bonds with CSOS. TEM and
AFM studies also revealed a completely different morphology for CNC-CSOS.
In the second part, the potential of exploiting CNCs as delivery carriers for two cationic
model drugs, procaine hydrochloride (PrHy) and imipramine hydrochloride (IMI), were
investigated. IMI displayed a higher binding to CNC derivatives compared to PrHy.
Isothermal titration calorimetry (ITC), transmittance and zeta potential measurements
were used to elucidate the complexation between model drugs and CNC samples. It was
observed that the more dominant exothermic peak observed in the ITC isotherms lead-
ing to the formation of larger particle-drug complexes could explain the increased binding
of IMI to CNC samples. Drug selective membranes were prepared for each model drug
that displayed adequate stability and rapid responses. Different in vitro release profiles
at varying pH conditions were observed due to the pH responsive properties of the sys-
tems. Both drugs were released rapidly from CNC samples due to the ion-exchange effect,
and CNC-CSOS displayed a more sustained release profile. Furthermore, the antioxidant
properties of CNC samples and the potential of CNC-CSOS as a carrier for the delivery of
vitamin C was investigated. CNC-CSOS/vitamin C complexes (CNCS/VC) were formed
between CNC-CSOS and vitamin C via ionic complexation using sodium tripolyphosphate
(TPP). The complexation was confirmed via DSC and UV-Vis absorbance measurements.
TEM images showed complexes with a size of approximately 1 µm. The encapsulation
efficiency of vitamin C was higher (∼ 91%) at pH 5 compared to pH 3 (∼ 72%). The in
vitro release of vitamin C from CNCS/VC complexes exhibited a sustained release of up
to 3 weeks, with the released vitamin C displaying higher stability compared to a control
vitamin C solution. Antioxidant activity and kinetics of various CNC samples were stud-
ied using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. CNC-CSOS possessed a higher
scavenging activity and faster antioxidant activity compared to its precursors, CNC-OX
and CSOS, and their physical mixture. Therefore, by loading vitamin C into CNC-CSOS
particles, a dynamic antioxidant system was produced. Vitamin C can be released over a
prolonged time period displaying enhanced and sustained antioxidant properties since the
carrier CNC-CSOS also possesses antioxidant properties.
As a result of this doctoral study, knowledge on the surface modification of CNC with
amine groups and CSOS have been advanced. The in vitro drug release and antioxidant
studies suggest that systems comprising of CNC could be further explored as potential
carriers in biomedical applications.
iv
Acknowledgements
As I begin to write the Acknowledgements section of my thesis, I cannot stop thinking
of the long journey I have taken and the many wonderful people I have met along the way
who have made it possible for me to become the person I am today. For me doing my
PhD was not just about becoming a better scientist but was more of a personal journey to
practice endurance, patience and trust.
I am thankful to my supervisor Professor Michael Tam for all his endless support and
encouragement from the very first day I became his student. He believed in me and hired
a pharmacist into an engineering program and taught me so many things. Most of all he
helped me discover my passions and my potentials by helping me step out of my comfort
zone. Thank you Professor Tam for everything! I would like to thank my committee
members Prof. Anderson, Prof. Duhamel, Prof. Zhao and Prof. Charpentier for their
valuable comments and suggestions regarding my research and my thesis. I would like
to thank Prof. Bill Power who helped me analyze my NMR results and kindly explained
everything to me. People like him inspire me to become a better teacher and a better
person.
My wonderful labmates have been my source of energy and motivation throughout
my studies. Masuduz Zaman and Rasim Batmaz came up with the idea of increasing the
amine content on the amine CNC and optimized the reaction. They shared their knowledge
with me and were great people to work with. Nishil Mohamed has been a great partner
who collaborated with me on several projects. His patience and kindness along with his
attention to details made working with him a pleasure. Debbie Wu has brightened my days
so many times and helped me with several parts of my research. Her artistic side and great
talent has helped me in improving my presentations and the quality of my images. All
my other labmates in the Laboratory for Functional Colloids and Nanomaterials, whom
I have had the pleasure to work with are dearly appreciated. This thesis would have not
been possible without the help of my talented co-op students and undergraduate research
assistants Paola Pochmann, Derek Sun, Anthony Wang, Moin Ahmed and Daryl Tiong.
I believe that they have taught me a lot more than I have taught them and I have great
memories of working with each one of them.
I would like to thank all my great friends in Waterloo and around the world for support-
ing me in every possible way. Mahsa Shayan, who I consider to be the sister I never had,
Sophie Chen, my dance and yoga buddy, Parisa Sadamousavi, Lena Ahmadi and Ngan
Huang who have always been there for me and cheered me up several times. I would also
like to thank Neil Gibson for all the wonderful chats we had and how he helped me learn
v
a lot about myself and aim for the stars. All the support and encouragement of Kristin
Meier who has helped me grow both personally and academically is dearly acknowledged.
I would also like to thank Cesar Brinatti who has helped me in several aspects of my PhD
and made the completion of my studies possible. His valuable comments on my ITC re-
sults, all his support and kindness in proofreading my thesis twice and carefully listening
to my four PhD defence rehearsals is truly appreciated. Obrigada!
Last but not least, I would like to thank my family. My cousin Pooya Bayenat who
made a cold winter in Canada not so cold with her warm presence and big heart and my
amazing talented brother who would take care of all my high tech computer stuff. My late
dear grand father “Baba Akhlaghi” who always believed in me and prayed for me every
single day is truly acknowledged. At the end I would like to thank my beautiful mother
Shiva Shahabi for teaching me patience and endurance and my role model, my father Dr.
Farshad Akhlaghi for being my guide in my life. Their love for me has made me do all the
things that I once thought were impossible! kheili doosetun daram va merci!
vi
Dedication
To my lovely parents Shiva and Farshad.
vii
Table of Contents
List of Tables xv
List of Figures xvi
1 Introduction 1
1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2 Literature Review 6
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Drug Delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.1 Routes of Administration . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.2 Novel Delivery Systems . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.3 Nanotechnology in the Delivery of Active Compounds . . . . . . . . 8
2.2.3.1 Advantages . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.3.2 Disadvantages . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.4 Nanoparticle Carriers . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.4.1 Nanoparticle Properties . . . . . . . . . . . . . . . . . . . 9
2.2.4.2 Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.4.3 Surface Characteristics . . . . . . . . . . . . . . . . . . . . 11
viii
2.2.4.4 Bioactive Compound Loading . . . . . . . . . . . . . . . . 12
2.2.4.5 Bioactive Compound Release . . . . . . . . . . . . . . . . 12
2.3 Polymers in Biomedical Field . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.1 Biodegradable Polymers . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.2 Biocompatible Polymers . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.3 Bioadhesive Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Polysaccharides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4.1 Cellulose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4.1.1 Cellulose Molecular Structure . . . . . . . . . . . . . . . . 17
2.4.1.2 Cellulose Properties . . . . . . . . . . . . . . . . . . . . . 18
2.4.1.3 Cellulose Derivatives . . . . . . . . . . . . . . . . . . . . . 20
2.4.1.4 Cellulose Applications . . . . . . . . . . . . . . . . . . . . 20
2.4.2 Chitosan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4.2.1 Chitosan Preparation . . . . . . . . . . . . . . . . . . . . 22
2.4.2.2 Chitosan Structure . . . . . . . . . . . . . . . . . . . . . . 23
2.4.2.3 Chitosan Physicochemical Properties . . . . . . . . . . . . 25
2.4.2.4 Chitosan Biological Properties and Applications in Biomed-
ical Field . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.4.3 Chitosan Oligosaccharide (CSOS) . . . . . . . . . . . . . . . . . . . 27
2.5 Cellulose Nanocrystals (CNC) . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5.1 CNC Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5.2 CNC Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5.2.1 Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.5.2.2 Surface Charge . . . . . . . . . . . . . . . . . . . . . . . . 31
2.5.2.3 Suspension Properties . . . . . . . . . . . . . . . . . . . . 31
2.6 CNC Surface Modification . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.6.1 TEMPO-Mediated Oxidation . . . . . . . . . . . . . . . . . . . . . 35
2.6.1.1 Reaction Process and Proposed Mechanisms . . . . . . . . 35
ix
2.6.1.2 Characteristics of TEMPO-oxidized Celluloses . . . . . . . 37
2.6.1.3 Potential Applications of TEMPO-oxidized Celluloses . . . 38
2.7 CNC Biomedical Applications . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.7.1 Bionanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.7.2 Electrochemical Biosensors . . . . . . . . . . . . . . . . . . . . . . . 41
2.7.3 Drug Delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3 Synthesis and Characterization of Amine Functionalized Cellulose Nanocrys-
tals 45
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2 Experimental Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2.2 Synthesis and Optimization of Amine Functionalized Cellulose Nanocrys-
tals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2.3 Potentiometric Titration . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2.4 Fourier Transform Infrared (FT-IR) Spectroscopy . . . . . . . . . . 48
3.2.5 Elemental Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.6 Transmission Electron Microscopy (TEM) . . . . . . . . . . . . . . 49
3.2.7 Zeta Potential Measurements . . . . . . . . . . . . . . . . . . . . . 49
3.2.8 Viscosity Measurements . . . . . . . . . . . . . . . . . . . . . . . . 49
3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.3.1 Two-step Synthesis of Amine Functionalized Cellulose Nanocrystals 50
3.3.2 Effect of Reaction Parameters . . . . . . . . . . . . . . . . . . . . . 50
3.3.3 Purification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3.4 Potentiometric Titration . . . . . . . . . . . . . . . . . . . . . . . . 53
3.3.5 Elemental Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.3.6 FT-IR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
x
3.3.7 TEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.3.8 Zeta Potential Measurements . . . . . . . . . . . . . . . . . . . . . 57
3.3.9 Viscosity Measurements . . . . . . . . . . . . . . . . . . . . . . . . 59
3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4 Surface Modification and Characterization of Cellulose Nanocrystals with
Chitosan Oligosaccharide 61
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.2 Experimental Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.2.2 TEMPO Mediated Oxidation of CNC . . . . . . . . . . . . . . . . . 64
4.2.3 Potentiometric Titration . . . . . . . . . . . . . . . . . . . . . . . . 65
4.2.4 Degree of Oxidation (DO) . . . . . . . . . . . . . . . . . . . . . . . 65
4.2.5 Grafting of Chitosan Oligosaccharide on CNC . . . . . . . . . . . . 66
4.2.6 Degree of substitution (DS) . . . . . . . . . . . . . . . . . . . . . . 66
4.2.7 Fourier Transform Infrared (FT-IR) Spectroscopy . . . . . . . . . . 66
4.2.8 Solid-state NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2.9 Thermogravimetric Analysis (TGA) . . . . . . . . . . . . . . . . . . 67
4.2.10 Zeta Potential Measurements . . . . . . . . . . . . . . . . . . . . . 67
4.2.11 Transmission Electron Microscopy (TEM) . . . . . . . . . . . . . . 67
4.2.12 Atomic Force Microscopy (AFM) . . . . . . . . . . . . . . . . . . . 68
4.2.13 Light Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.3.1 TEMPO Mediated Oxidation of CNC . . . . . . . . . . . . . . . . . 69
4.3.2 Potentiometric Titration . . . . . . . . . . . . . . . . . . . . . . . . 69
4.3.2.1 Determination of Carboxylic Acid Group Density . . . . . 69
4.3.2.2 Degree of Oxidation (DO) . . . . . . . . . . . . . . . . . . 70
4.3.2.3 Determining Amino Group Density . . . . . . . . . . . . . 70
xi
4.3.3 Grafting of Chitosan Oligosaccharide on CNC . . . . . . . . . . . . 71
4.3.4 Determination of Amino Group Density . . . . . . . . . . . . . . . 72
4.3.5 Degree of Substitution (DS) . . . . . . . . . . . . . . . . . . . . . . 72
4.3.6 Fourier Transform Infrared (FT-IR) Spectroscopy . . . . . . . . . . 74
4.3.7 Solid-state NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.3.8 Thermogravimetric Analysis (TGA) . . . . . . . . . . . . . . . . . . 77
4.3.9 Zeta Potential Measurements . . . . . . . . . . . . . . . . . . . . . 78
4.3.10 TEM Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.3.11 AFM Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.3.12 Light Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5 Comparative Release Studies of Two Cationic Model Drugs from Differ-
ent Cellulose Nanocrystal Derivatives 84
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.2 Experimental Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.2.2 Synthesis of CNC-OX and CNC-CSOS . . . . . . . . . . . . . . . . 88
5.2.3 Preparation of Drug-Selective Membranes . . . . . . . . . . . . . . 89
5.2.4 Electro-Motive Force Measurement (EMF) System . . . . . . . . . 89
5.2.5 DSE Calibration and Concentration Determination . . . . . . . . . 89
5.2.6 Drug Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2.7 Isothermal Titration Calorimetry (ITC) . . . . . . . . . . . . . . . 90
5.2.8 UV Transmittance . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.2.9 Zeta Potential Measurements . . . . . . . . . . . . . . . . . . . . . 92
5.2.10 In vitro Drug Release Studies . . . . . . . . . . . . . . . . . . . . . 92
5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.3.1 Drug Loading Capacity . . . . . . . . . . . . . . . . . . . . . . . . . 93
xii
5.3.2 Isothermal Titration Calorimetry (ITC) . . . . . . . . . . . . . . . 95
5.3.3 Studying Complexation: UV Transmittance and Zeta Potential Mea-
surements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.3.4 In vitro Drug Release Studies . . . . . . . . . . . . . . . . . . . . . 101
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6 Cellulose Nanocrystal Grafted Chitosan Oligosaccharide: A Novel An-
tioxidant for Vitamin C Delivery 106
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.2 Experimental Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.2.2 Synthesis of CNC-CSOS/Vitamin C Complex (CNCS/VC) . . . . . 110
6.2.3 Transmission Electron Microscopy (TEM) . . . . . . . . . . . . . . 110
6.2.4 Vitamin C Encapsulation Efficiency and Drug Loading . . . . . . . 110
6.2.5 Differential Scanning Calorimetry (DSC) . . . . . . . . . . . . . . . 111
6.2.6 UV Spectrophotometry For Proving the Complex Formation . . . . 111
6.2.7 Vitamin C In Vitro Release Studies . . . . . . . . . . . . . . . . . . 111
6.2.8 Isothermal Titration Calorimetry (ITC) . . . . . . . . . . . . . . . 111
6.2.9 DPPH Radical Scavenging Activity . . . . . . . . . . . . . . . . . . 112
6.2.10 Antioxidant Activity Kinetics . . . . . . . . . . . . . . . . . . . . . 112
6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.3.1 Synthesis of CNC-CSOS/Vitamin C Complex (CNCS/VC) . . . . . 113
6.3.2 TEM Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.3.3 Vitamin C Encapsulation Efficiency and Drug Loading . . . . . . . 113
6.3.4 Differential Scanning Calorimetry (DSC) . . . . . . . . . . . . . . . 115
6.3.5 UV Spectrophotometry for Proving the Complex Formation . . . . 116
6.3.6 Vitamin C In Vitro Release Studies . . . . . . . . . . . . . . . . . . 117
6.3.7 Thermodynamics of CNC-CSOS and Vitamin C Interaction . . . . . 118
xiii
6.3.8 DPPH Radical Scavenging Activity . . . . . . . . . . . . . . . . . . 119
6.3.9 Antioxidant Kinetics Studies . . . . . . . . . . . . . . . . . . . . . . 120
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7 Original Contributions and Recommendations 125
7.1 Original Contributions to Research . . . . . . . . . . . . . . . . . . . . . . 125
7.2 Recommendations for Future Studies . . . . . . . . . . . . . . . . . . . . . 127
References 130
xiv
List of Tables
2.1 Principal properties of chitosan in relation to its use in biomedical applications 27
3.1 Elemental analysis of unmodified CNC, CNC-NH2(P), POLY-NH2, and CNC-
NH2(T) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.1 Transmittance (T%) at 600 nm and zeta potential (ZP) measurements of
CNC samples at different concentrations of PrHy and IMI . . . . . . . . . 101
6.1 Encapsulation Efficiency and Drug Loading of vitamin C in CNCS/VC com-
plexes at pH 3 and pH 5 (n=3) . . . . . . . . . . . . . . . . . . . . . . . . 115
xv
List of Figures
2.1 Different morphologies of pharmaceutical carriers . . . . . . . . . . . . . . 10
2.2 Molecular structure of cellulose . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Hydrogen bonding of cellulose (a) intramolecular and (b) intermolecular . . 19
2.4 Position in cellulose structure for chemical modifications . . . . . . . . . . 21
2.5 Chemical structure of chitin . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.6 Chitosan production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.7 Chemical structure of chitosan . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.8 Schematics of (a) single cellulose chain, (b) a cellulose microfibril showing
ordered (crystalline) and disordered (amorphous) regions, and (c) cellulose
nanocrystals after acid hydrolysis which dissolved the disordered regions . 29
2.9 Mechanisms of the acidic hydrolysis of cellulose . . . . . . . . . . . . . . . 30
2.10 Structure of wood from the tree to CNCs. ML=middle lamellae between
tracheids, P=primary cell wall, S1, S2, S3=cell wall layers . . . . . . . . . 32
2.11 Partial esterification of surface hydroxyl groups by sulfuric acid during cel-
lulose hydrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.12 Schematic diagram illustrating the various types of chemical modifications
on CNC surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.13 Structure of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO). . . . . . . . . 35
2.14 Simplified TEMPO mediated oxidation scheme . . . . . . . . . . . . . . . . 36
2.15 Schematic of a cellulose chain at the surface of a cellulose crystal . . . . . . 36
2.16 Schematic representation of a cellulose whisker cross-section . . . . . . . . 37
xvi
2.17 Natural model and bioinspired design of chemomechanical nanocomposites.
Pictures of a D sea cucumber in relaxed (A) and stiffened (B) Interaction
“off” Interaction “on” state demonstrating the firming of dermal tissue in the
vicinity of the contacted area. (C) Chemical structure of cellulose whiskers
isolated through sulfuric acid hydrolysis of tunicate cellulose pulp and the
EO-EPI and PVAc matrix polymers used. (D) Schematic representation of
the architecture and switching mechanism in the artificial nanocomposites
with dynamic mechanical properties. In the “on” state, strong hydrogen
bonds between rigid, percolating nanofibers maximize stress transfer and
therewith the overall modulus of the nanocomposite. The interactions are
switched “off” by the introduction of a chemical regulator that allows for
competitive hydrogen bonding. . . . . . . . . . . . . . . . . . . . . . . . . 39
2.18 Scheme of the gelation mechanisms of PAM-CNC nanocomposite hydrogels 40
2.19 Schematic representation of injectable hydrogels reinforced with cellulose
nanocrystals (CNCs), prepared using a double-barrel syringe. The crosslink-
ing hydrogel components include hydrazide- functionalized carboxymethyl
cellulose (CMC-NHNH2), aldehyde- functionalized dextran (dextran-CHO),
and either unmodified CNCs or aldehyde-modified CNCs (CHO-CNCs) . . 41
3.1 Two-step amine functionalization of CNC. . . . . . . . . . . . . . . . . . . 51
3.2 Optimization of amine-CNC synthesis by varying different reaction param-
eters (a) time, (b) temperature, (c) TBAH/AGU ratio, and (d) EPH/CNC
ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3 Potentiometric titration plots of (a) unmodified CNC, (b) CNC-NH2(P), (c)
POLY-NH2, and (d) CNC-NH2(T). . . . . . . . . . . . . . . . . . . . . . . 54
3.4 FT-IR spectra of (a) unmodified CNC, (b) CNC-NH2(P), (c) POLY-NH2,
and (d) CNC-NH2(T). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.5 TEM images of (a) unmodified CNC, (b) CNC-NH2(T), and (c) CNC-NH2(P). 57
3.6 (A): Zeta potential values of unmodified CNC, CNC-NH2(T) and CNC-
NH2(P) at different pH values, (B): Comparison of zeta potential values of
unmodified CNC, CNC-NH2(T) before reflux and after reflux at low and
high pH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.7 Relative viscosity of unmodified CNC and CNC-NH2(T) before reflux at low
and high pH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
xvii
4.1 pH and conductivity titration curves of 0.1 wt% (a) CNC and (b) CNC-OX. 70
4.2 pH and conductivity titration curve of 0.1 wt% CSOS. . . . . . . . . . . . . 71
4.3 Mechanism of carbodiimide coupling reaction. . . . . . . . . . . . . . . . . 73
4.4 pH and conductivity titration curve of 0.1 wt% CNC-CSOS. . . . . . . . . . 73
4.5 FT-IR spectra of (a) CNC, (b) CNC-OX, (c) CSOS, and (d) CNC-CSOS. . . 76
4.6 13C solid-state NMR spectra of (a) CNC, (b) CNC-OX, and (c) CNC-CSOS. 77
4.7 (a) Thermogravimetric and (b) differential gravimetric curves of samples. . 79
4.8 Zeta potential versus pH for 0.1 wt% samples. . . . . . . . . . . . . . . . . 81
4.9 TEM images of 0.01 wt% (a) CNC, (b) CNC-OX, and (c) CNC-CSOS. . . . 82
4.10 AFM images of 0.01 wt% (Scale: 1µm × 1µm) of (a) CNC, (b) CNC-OX,
and (c) CNC-CSOS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.1 Structure of (a): PrHy, (b): IMI, (c): CNC and its derivatives. . . . . . . . 88
5.2 Calibration curves of (a): PrHy and (c): IMI. (b): stability of PrHy mem-
brane over time, and (d): fast response of IMI membrane to change in
concentration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3 Binding Efficiency (BE%) of IMI at pH 7 and PrHy at pH 8 to different
CNC samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.4 (a) Heats of reaction as obtained from the integration of the calorimetric
traces of titrating 10 mM PrHy into 0.05 wt% CNC-CSOS at pH 8. (b)
Thermodynamic signatures of 0.05 wt% CNC-CSOS and 10 mM PrHy at
pH 6, 7 and 8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.5 Heats of reaction as obtained from the integration of the calorimetric traces
of titrating 100 mM PrHy into 0.05 wt% CNC samples at pH 8. (Inset plot
titrating 10 mM PrHy). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.6 Heats of reaction as obtained from the integration of the calorimetric traces
for titrating 100 mM IMI into (a) 0.05 wt% CNC samples at pH 7, (b): 0.05
wt% CNC-OX under different conditions at pH 7. . . . . . . . . . . . . . . 99
5.7 Complexes of 0.05 wt % CNC samples at 16 mM drug concentration. . . . 102
5.8 Cumulative in vitro release of PrHy from (a): CNC samples in PBS pH 7.4,
(b): CNC-CSOS in PBS pH 6, 7 and 8. . . . . . . . . . . . . . . . . . . . . 103
xviii
5.9 Cumulative in vitro release of IMI from CNC samples in PBS (a): at pH
7.4 and (b): at pH 5.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.1 Degradation pathway of vitamin C in aqueous solutions. . . . . . . . . . . 108
6.2 Illustration of formation of CNCS-VC complex by ionic gelation . . . . . . 114
6.3 TEM images of CNC-CSOS and CNCS/VC complex. . . . . . . . . . . . . 114
6.4 Calibration curve of vitamin C. . . . . . . . . . . . . . . . . . . . . . . . . 115
6.5 DSC thermograms of CNC-CSOS, vitamin C, and CNCS/VC complex. . . . 116
6.6 UV spectrum of CNC-CSOS, vitamin C and CNCS/VC. . . . . . . . . . . . 117
6.7 Vitamin C in vitro release profile from CNCS/VC (prepared at pH 5 and 3)
and control vitamin C (pH 3) in PBS pH=7.4. . . . . . . . . . . . . . . . . 118
6.8 Raw ITC data for titrating 100 mM vitamin C (VC) into (a) water at pH
3, (b) water at pH 5, (c) CNC-CSOS at pH 5 and (d) CNC-CSOS at pH 3. . 119
6.9 Scavenging activity of different samples at different concentrations on DPPH
radical (n=3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
6.10 Scavenging activity of CNCS/VCpH=5 and vitamin C over time. . . . . . . 122
6.11 (A) Decay of the visible absorbance (517 nm) of a DPPH solution following
addition of CNC samples. (B) Estimation of antioxidant rate constant for
first H atom abstraction (k) for CNC samples using Eq. 6-4). . . . . . . . . 123
7.1 Chemical structure of gallic acid (GA). . . . . . . . . . . . . . . . . . . . . 128
xix
Chapter 1
Introduction
1.1 Overview
Current interests in nanotechnology have led to the development and design of many types
of nanomaterials. Functionalization of various types of nanomaterials to achieve novel or
improved properties, that take advantage of their synergistic effects would be worthy of
exploration. However, currently most of the chemicals used in the synthesis of these nano-
materials are derived from petroleum-based sources. Because of the continuing concerns
of global warming arising from greenhouse gases emitted from the production of such feed-
stocks, there is a growing trend to focus on the development of polymeric nanostructures
derived from renewable resources [1]. The potential applications of materials derived from
natural sources are being extensively investigated as many biomedical applications are dis-
covered, such as drug delivery. There is ongoing research in developing novel drug carriers
that can deliver drugs to their active site with higher therapeutic effects and lower toxicity.
New technologies are required to deliver insoluble or unstable therapeutic compounds, lo-
calize the delivery of potent drugs, and improve the compliance of patients [2]. The desire
towards designing novel products for various applications from renewable resources has
led to increased research activity on abundant, natural, biodegradable and biocompatible
polymers over the last decade.
Polysaccharides have many advantages that make them suitable for biomedical appli-
cations and have gained a lot of interest as surface coatings for pharmaceutical carriers [3].
Small, hydrophilic and biocompatible drug carriers have also shown extended blood circu-
lation times [4]. Polysaccharide drug carriers demonstrate an extended blood circulation
time and possess several hydroxyl groups on their surface, which can be functionalized
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by chemical coupling reactions. Cellulose fibre is the most abundant natural biomaterial
that is comprised of amorphous and crystalline domains. The acid hydrolysis of cellulose
fibre disrupts its amorphous regions and releases individual rod-like rigid crystallites called
cellulose nanocrystals (CNC) that possess high mechanical strength. The treatment of
native cellulose with sulfuric acid introduces negative charges on its surface due to the
formation of sulfate ester groups. Interest in CNC has arisen over the last decade because
of its availability, low cost and high surface area per volume. CNC possesses many benign
properties, such as non-toxicity, biodegradability, and biocompatibility, which make it an
excellent candidate for pharmaceutical applications [5]. Due to the presence of several hy-
droxyl groups, the surface of CNC can be modified with different functional groups, which
expands its usefulness in many formulations [6].
The primary hydroxyl groups can be converted to aldehyde, carboxylic acid, and amine
functionalities. Cationic modification of cellulose and its derivatives is of interest due to
their utility in several key industrial sectors. Cationic CNC has been prepared by a reac-
tion with epoxypropyltrimethylammonium chloride [7] and 4-(1-bromoethyl/bromomethyl)
benzoic acid [8]. Amine functionalization of CNC not only introduces cationic charge on
the surface of CNC in an acidic medium, but it can also be used for the conjugation of
biomolecules to CNC for biomedical applications [9]. In recent years, amine functionalized
CNCs have been produced via different synthetic routes. Dong et al. prepared amine CNC
by first decorating the surface of CNC with epoxide groups via a reaction with epichlorohy-
drin (EPH) in sodium hydroxide at 60 ◦C. Dialyzing the reaction mixture and opening the
epoxide rings using ammonium hydroxide at 60 ◦C, then introduced the amine groups on
the surface of CNC [10]. However, this reaction was not optimized and the amine content
reported was low. Therefore, there is a need to improve the synthetic method and optimize
the reaction parameters.
The potential applications of CNC in pharmaceuticals have been studied and efforts
have been devoted to develop nanocrystal based drug delivery systems [5, 6, 11, 12, 13].
The ability to form stable aqueous suspensions has given CNC a number of potential
applications in controlled release systems as well as in the delivery of drugs. Due to its
large surface area and negative charge, cationic drugs can be bound to the surface of CNC
with high payloads, providing the potential for optimal dosage control [14].
The second most abundant polymer in nature is chitosan (CS) which is obtained from
shrimps and crabs. It is non-toxic, biocompatible, and biodegradable. Different drugs or
polymeric systems can bind to CS due to the presence of several amino groups which make
it positively charged. Therefore, CS is an excellent potential candidate for delivering drugs
and allows the manipulation of their release profiles. Despite the notable properties of CS,
there are some problems associated with its in-vivo applications due to its, high viscosity,
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high molecular weight, large aggregation formation, and low solubility at physiological pHs
(7.2-7.4) [15]. The solubility problems can be overcome by utilizing low molecular weight
CS, known as chitosan oligosaccharides (CSOS) [16]. There are limited studies on systems
consisting of CNC and CS for biomedical applications in the literature. In a relevant
study, Wang and coworkers studied polyelectrolyte macroion complex (PMC) formation
between CS and CNC for oral drug delivery applications. The particles were formed by
electrostatic interactions because of the strong mismatch between the opposite charges of
CNC and CS [17].
CNC was first reported as a drug excipient by Jackson and coworkers [14]. Unmodified
and surfactant modified CNC was used for the loading of hydrophobic and hydrophilic
drugs, respectively. In several studies, Kolakovic and coworkers examined the potential
applications of Nanofibrilar Cellulose (NFC) for sustained drug delivery. NFC consists
of alternating crystalline and amorphous domains. The release kinetics depended on the
solubility of the drug in the medium and its affinity to NFC. In their study, the unbound
drug fraction was relatively high, and they attributed it to the fraction that was weakly
bound and accessible to water [18]. In another study, their results showed that drugs could
be released from the NFC films over prolonged time because of the presence of tight fibre
networks that act as a barrier for drug diffusion [19]. Recently, Kolakovic and coworkers
used isothermal titration calorimetry (ITC) to study the interactions between NFC and
different model drugs of different molecular weights and charge characteristics. The ITC
studies showed that the drugs bind to NFC in a pH dependent manner. [20]. Different
drugs have been loaded into charged particles as observed in ion-exchange resins [21]. The
high charges on these biopolymers allow a strong binding between the drug and its carrier,
leading to a slower release [22].
Vitamin C (L-ascorbic acid) is an important antioxidant. It serves as a cofactor in
hydroxylation reactions and scavenges reactive oxygen species [23]. Vitamin C has many
benefits for the skin (e.g. whitening, anti-aging, depigmenting, etc) [24] and has been
used in different cosmetic formulations [25]. However, the formulation of vitamin C is
challenging as this compound is unstable and can be easily oxidized [26]. In order to achieve
applicable vitamin C formulations, developing methods to increase the stability of vitamin
C is required. One way to increase the stability of vitamin C is to encapsulate vitamin C
into nanoparticles that have the potential to protect the sensitive bioactive compound from
chemical and enzymatic degradation during storage and in vivo [27]. CS nanoparticles have
been used for the delivery of vitamins [28]. In one study, Jang and coworkers characterized
vitamin C-loaded CS nanoparticles and studied their stability [29].
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1.2 Research Objectives
The main goal of this study is to develop novel, biocompatible, biodegradable, and non-
toxic systems for the delivery of active compounds suitable for biomedical applications.
Moreover, to the best of our knowledge, no attempts have been made in exploiting the
combined advantages of modifying the surface of CNC with CSOS. By using CSOS, the
insolubility problem of CS at physiological pH is addressed. To date, no studies have
been published on the antioxidant properties of CNC and its derivatives. In addition, it
was expected that chemically modified CNCs would exhibit a more desirable drug release
profile compared to unmodified CNC. The other approach in this doctoral thesis is to
study the drug loading and in vitro release profile of two cationic model drugs from CNC
and its derivatives. A detailed study to elucidate the mechanisms of encapsulation and
release of drug molecules from CNC was pursued. To the best of our knowledge, no
studies have examined the pH dependent drug binding to CNC and its derivatives and
the characterization of the CNC-drug complexes. Moreover, the potentials of CNC-CSOS
as a drug carrier need to be explored. To this date, no studies have been reported on
applying CNC and its derivatives for the delivery of vitamin C. Since vapours are not
able to penetrate through the crystalline domains of CNC, it can be used as vapour-proof
barriers [30]. This could potentially limit the exposure of unstable vitamin C to oxygen.
Moreover, there are no studies reported on the antioxidant activity of CNC and CNC-CSOS.
Therefore, based on a comprehensive literature review, the following objectives were
formulated for this thesis:
• Synthesize, optimize and characterize amine functionalized CNC with a high amine
content.
• Develop and characterize a robust system based on the surface modification of CNC
with CSOS.
• Evaluate the drug interactions and in vitro drug release properties of CNC, CNC-OX,
and CNC-CSOS for two cationic model drugs.
• Investigate the antioxidant properties of CNC-CSOS and evaluate its effectiveness as
a suitable carrier for vitamin C.
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1.3 Thesis Outline
This thesis consists of 7 chapters. The research results are reported in manuscript format
in chapters 3 through 6. The scope of the chapters are listed as follows: Chapter 1 briefly
introduces CNC and the importance of its surface modifications and biomedical applica-
tions. The research objectives of the thesis and its organization are also included. Chap-
ter 2 covers the literature review and provides an introduction to drug delivery systems and
pharmaceutical carriers along with the motivation for applying nanotechnology in design-
ing novel drug delivery systems. The advantages and disadvantages of nano drug delivery
systems and their properties are described. In this chapter, different types of polymers
used in drug delivery and their properties are discussed. The production, physicochem-
ical properties, and surface modification routes of CNC are discussed. Furthermore, the
biomedical applications of CNC are reviewed. Chapter 3 introduces an improved method
for producing amine functionalized CNC and its characterization. Chapter 4 reports the
modification and characterization of CNC with CSOS. Chapter 5 investigates the interac-
tions of CNC and two of its derivatives (CNC-OX and CNC-CSOS) with two cationic model
drugs and their drug release properties. Chapter 6 reports the antioxidant properties of
CNC, CNC-OX and CNC-CSOS and investigates the potential of CNC-CSOS as an effective
carrier for the delivery of vitamin C. Chapter 7 summarizes the key conclusions and major
contributions of the author along with recommendations for future studies.
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Chapter 2
Literature Review*
2.1 Introduction
This chapter reviews the literature related to the research performed in this thesis. First
nanoparticles and their properties in drug delivery are discussed and then a background
on different polymers used in the biomedical field is reviewed. A review on cellulose and
chitosan is presented. Preparation and properties of cellulose nanocrystals (CNCs) is de-
scribed in detail. Furthermore, surface modification of CNC is described with a more
detailed focus on TEMPO-mediated oxidation applied in this thesis. Finally, different
biomedical applications of CNC are reviewed.
2.2 Drug Delivery
The method of administering a pharmaceutical compound in humans or animals is known
as drug delivery. A pharmaceutical drug is a chemical compound used for diagnosis, cure,
treatment or prevention of a disease or a condition. In order to achieve a therapeutic effect,
the pharmaceutical compound must be delivered to the active sites at the right time and
with the right concentration. The efficacy of many drugs depends on their delivery method.
*This chapter is partially adapted from S. P. Akhlaghi, B. Peng, Z. Yao, K. C. Tam, “Sustainable
Nanomaterials Derived from Polysaccharides and Amphiphilic Compounds”, Soft Matter, 2013, 9:7905-
7918 and S. P. Akhlaghi, M. Zaman, B. Peng, K. C. Tam, “Cationic Cellulose and Chitin Nanocrystals
for Novel Therapeutic Applications”, Accepted as a book chapter in “Cationic Polymers in Regenerative
Medicine”, RSC publication.
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The therapeutic index (TI) of a drug is the optimum concentration range in which the drug
has the most benefit. Concentrations above the TI can be toxic whereas concentrations
below TI may not display any therapeutic effect [31]. Drug delivery systems (DDS) are new
strategies based on multi-disciplinary studies such as pharmaceutics, molecular biology,
polymer science, and chemistry that have been developed in recent years [32].
Drug delivery systems have the following goals [31, 33]: (i) Modifications of drug phar-
macodynamics and pharmacokinetics i.e., release profile, absorption, distribution and elim-
ination. (ii) Improving the TI of current drugs by increasing their efficacy and reducing
toxicity. (iii) Increasing patient compliance. (iv) Overcoming the limitations of biomacro-
molecular therapeutics (proteins, peptides, oligonucleotides, and plasmids), i.e., low stabil-
ity, immunogenicity, and short plasma half-life. (v) Targeted drug delivery for increasing
the amount of drug at its site of action, i.e., inflammation, infection and tumor sites.
2.2.1 Routes of Administration
Delivery of a pharmaceutical compound to a patient is called administration. A drug can
be administered in various dosage forms, such as capsules, tablets, creams, suppositories,
and drops. The drug can also be administered via different routes as follows [33, 34]:
(i) Enteral: oral, rectal, and sublingual. (ii) Parenteral: intravascular, intramuscular,
subcutaneous, and inhalation. (iii) Topical: mucosal membranes and skin.
Drug delivery can also be categorized as follows [33]: (a) Systemic: absorbed into
systemic blood circulation. (b) Local: substance is applied directly where the treatment is
desired. Various parameters that impact the choice of a specific route of administration,
are (i) the properties of the drug (e.g., solubility), (ii) efficacy in the treatment of a specific
disease, (iii) accessibility to the disease site, and (iv) patient acceptability [34].
2.2.2 Novel Delivery Systems
Most of the conventional drug delivery systems used today are administered in multiple
doses with specific time intervals and they are not optimal for the treatment of diseases.
Many of the current drugs are comprised of peptides and hormones produced by genetic
engineering techniques. These drugs used for the treatment of diseases, such as cancer,
diabetes, and autoimmune diseases are susceptible to degradation by enzymes in our body.
The susceptibility of these drugs highlights the importance of developing novel drug delivery
systems. Traditional drug delivery systems have little control over the time, site and drug
release rates. Also, the drug concentration in the blood varies frequently which causes the
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concentration to exceed the TI, which may lead to either a toxic effect or lack of efficacy.
Novel drug delivery systems including controlled drug delivery vehicles are able to control
the rate, site and time of the drug release. In these systems the drug is released over
a period of time in a controlled manner. Several stimuli-responsive and targeting drug
delivery systems are being studied. The purpose of targeted drug delivery is to deliver
most of the drug to its site of action. The purpose of this delivery is for the drug to be
only active in the targeted area of the body (e.g., in cancerous cells). Stimuli-responsive
polymers have more advantages over traditional release delivery systems. They follow a
pattern similar to the conditions in the body and respond to different stimuli, such as pH,
temperature, light, magnetic field, etc. The application of nanotechnology in the delivery
of drugs has opened a new horizon for drug delivery development which will be discussed
in the following section [32].
2.2.3 Nanotechnology in the Delivery of Active Compounds
Nanotechnology refers to the engineering of materials at the molecular and atomic scale.
It consists of the interactions of cellular and molecular components. The National Nan-
otechnology Initiative has defined nanotechnology as structures with 1-100 nm size in at
least one dimension. However, this is a strict definition and nanotechnology more com-
monly refers to structures developed by bottom-up or top-down engineering of individual
components with the size of up to several hundreds of nanometers [35]. The potential
benefits of nanotechnology in the development of novel drug delivery systems have been
explored by researchers for more than two decades [32]. Nanoscale drug delivery systems
have enabled targeted and controlled release of conventional drugs, vaccines, recombinant
proteins, and nucleic acids. They regulate the pharmacokinetics of drugs and enhance their
TI. Nano-scale drug delivery systems can be rationally designed from biological or synthetic
materials and applied in various drug delivery routes such as, inhalable, implantable, in-
jectable, topical, transdermal, and oral [33].
2.2.3.1 Advantages
Nanotechnology offers great advantages for drug delivery, targeting and release. It also has
the potential to combine diagnosis and therapy and therefore, acts as one of the major tools
in nanomedicine. Reducing the size of current drugs to the nanometer scale is considered
a useful method for increasing drug solubility. This is because of the larger surface area-
to-volume ratios of smaller particles, which in turn results in increased particle dissolution
rates thereby increasing their bioavailability by overcoming the solubility problems. It also
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increases the adhesion of drugs to the epithelial of the intestine that is useful in the oral
delivery of drugs. The chemical encapsulation of drugs in their nanocarriers increases their
stability in different biological environments such as the acidic medium of the gut. The size
range of nanoparticles along with their surface properties also enables targeted delivery by
increasing their penetration through various biological barriers and cell membranes. The
nanoscale range of nanoparticles also reduces their uptake by the reticuloendothelial system
(RES) and minimizes the risk of undesired clearance from the body through the spleen or
liver [36].
2.2.3.2 Disadvantages
Despite several advantages of nanoparticles for drug delivery, they possess some disadvan-
tages. The small particle size and the resulting high surface area present some limitations
in drug loading capacity and cause a burst release of drugs. Also, in some cases the
small particle size leads to aggregation of particles and difficulties in the delivery of dosage
forms. Therefore, it is important to develop some practical solutions to these problems
before commercializing the nanoscale drug delivery products and their application in the
clinic. Cytotoxicity is a major concern of nanoparticles and their degradation products.
Therefore, improving the biocompatibility of nanoparticles is of great importance [34].
2.2.4 Nanoparticle Carriers
Pharmaceutical carriers have different morphologies such as microparticles, liposomes, oil
emulsions, micelles, dendrimers, liquid crystals and nanoparticles (Figure 2.1).
The nanoparticle properties will be discussed in more detail.
2.2.4.1 Nanoparticle Properties
Modification of different properties of nano drug delivery systems can be achieved by al-
tering specific factors as listed below [37]: (i) Size and shape: different materials and
chemistry. (ii) Surface characteristics. (iii) Drug loading: physical and/or chemical inter-
action between drug and carrier. (iv) Drug release: physical interaction between carrier
and drug and/or chemical breakage of covalent linker. (v) Solubility: hydrophilicity and/or
addition of solubilizing materials. (vi) Biodegradability: spacer, backbone. (vii) Biocom-
patibility: electrical charge and addition of bioinert groups. (viii) Biodistribution: addition
of targeting moiety, molecular weight (MW).
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Figure 2.1: Different morphologies of pharmaceutical carriers [32].
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The first four properties are discussed in more detail in the following sections.
2.2.4.2 Size
Particle size and size distribution are the most important properties of nanoscale drug
delivery systems. They strongly impact the biodistribution, bioavailability, toxicity and
efficacy of nanoparticles in reaching their active sites. Different studies have listed the
advantages of nanoscale delivery systems compared to micro delivery systems. Generally,
the increased mobility of smaller sized nanoscale delivery systems results in better uptake
by cells and therefore, the drug can readily reach the active sites. The nanoparticle size
also affects its drug release properties. Smaller particles have a higher surface-to-volume
ratio and therefore most of the drug is located on or near the surface of the particles,
leading to rapid drug release. On the other hand, larger particles have more space for drug
entrapment and slow diffusive release of drug [38].
As discussed previously, drugs can be administered systemically or locally. The drug
encapsulated in its vehicle can be released inside or outside the target cells. Larger drug de-
livery systems result in high drug concentrations near the target cells whereas smaller drug
delivery systems can enter the cell directly via endocytosis [37]. The bioavailability and
blood circulation time are strongly affected by differences in the size even at the nanoscale
range. The nanoparticle size ranges and their consequent bioavailability following systemic
administration are listed below [39]: (a) Particle size < 10 nm: rapid removal through
renal clearance. (b) 10 < Particle size < 70 nm: penetration in very small capillaries. (c)
70 < Particle size < 200 nm: most prolonged circulation times. (d) Particle size > 200
nm: isolated by the spleen and finally removed through phagocytosis.
Based on the information above and due to the fact that nanoparticles smaller than 100
nm can be enclosed in endocytic vesicles, the preferred size range for systemic nanoparticle
drug delivery systems is 10 to 100 nm [33]. In topical applications, it is generally observed
that smaller particles can penetrate the skin more easily. If the active compound is required
to penetrate through the skin and reach the dermis, the particle size should be less than
40 nm [40, 41].
2.2.4.3 Surface Characteristics
The intravenous injection of nanoparticles usually leads to their detection by the immune
system and rapid clearance by the macrophages in the blood. The size and hydrophobic-
ity of nanoparticles determine the amount of proteins called opsonins that attach to the
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nanoparticles in the blood stream. This attachment is called opsonisation and is an inter-
mediate pathway between nanoparticles and phagocytes. Therefore, in order to increase
the success of nanoparticles reaching their active site, one should increase the circulation
time of nanoparticles in the blood by minimizing opsonisation [42]. To achieve the above
goals, the surface of nanoparticles can be covered with hydrophilic polymers or surfactants.
Moreover, nanoparticles can be formulated with biodegradable copolymers containing hy-
drophilic segments such as polyethylene glycol [43].
The surface charge of nanoparticles is determined by their zeta potential, which depends
on the structure of the particles and their dispersion medium. Nanoparticles with zeta
potentials above ± 30 mV are stable in the dispersing medium. The zeta potential can
also be an indicator of whether an active charged substance is encapsulated inside the
nanoparticles or adsorbed on their surface [44].
2.2.4.4 Bioactive Compound Loading
Ideally, a successful nanoparticulate system should have a high loading capacity. Loading of
the bioactive compound can be conducted by two methods [45]: (i) Incorporation method:
Drug loading is done simultaneously with the process of nanoparticle formation. (ii) Ab-
sorption/adsorption method: After the formation of nanoparticles, they are incubated with
a concentrated solution of drug.
Drug loading and encapsulation efficiency highly depend on the solubility of the drug
in the polymer or substances composing the nanoparticles. This is related to the polymer
structure, molecular weight, interaction between the drug and polymer and the presence
of functional groups, such as ester or carboxyl in the polymer [46, 47].
2.2.4.5 Bioactive Compound Release
In order to produce a successful nanoparticle-based drug delivery system, drug release and
polymer degradation are two important factors that need to be considered. Generally,
drug release rate depends on parameters such as, drug solubility, separation of drug from
the surface or the bound drug, diffusion of the drug in the nanoparticle matrix, diffu-
sion through the carrier wall (in nanocapsules), degradation of nanoparticle matrix, and
combination of diffusion/degradation [32].
Therefore, dissolution, diffusion and biodegradability of the matrix within the nanopar-
ticles are the main factors that control drug release. If the diffusion of the drug in the matrix
is faster than the degradation of the matrix, drug release is mainly controlled by diffusion.
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The initial rapid release or burst release is mainly attributed to drugs that are weakly
attached or bound to a large surface of nanoparticles [48]. If the nanoparticle is coated
with a polymer, drug release is controlled by the diffusion of drug from the polymer mem-
brane. The coating polymer layer acts as a barrier against drug release and thus, diffusion
and dissolution of drug in the polymer will act as an indicative factor in the drug release
process. Also, ionic interactions between drug and excipients can affect drug release. If
the drug forms large insoluble complexes with the materials in the nanoparticles, the drug
release can be reduced or hindered [45].
2.3 Polymers in Biomedical Field
Polymers are the most versatile class of materials that have changed our lives over the past
several decades. However, it has been only forty years since a distinction between perma-
nent and temporary biomedical applications of polymers was made [49]. For many years,
the application of polymers as biomaterials has attracted the interest of pharmacists and
surgeons. Polymer therapeutics consist of polymer-drug and polymer-protein conjugates,
rationally designed macromolecular drugs, polymeric micelles and polyplexes for DNA de-
livery. These systems have various advantages such as the ability for customizing surface
functionalities, chemical modification, and the potential for creating three dimensional
structures [37]. Polymeric delivery systems are mostly used for achieving either spatial
or temporal control of drug delivery [49]. Due to the diversity in chemistry, topology,
and dimensions, polymers are a class of materials suitable for applications in nano drug
delivery systems. Drugs can be either physically entrapped inside polymer matrices or
covalently bound to the polymer backbones. The most important properties for a polymer
used in a drug delivery system are: the ability to diffuse drugs, the effect of the poly-
mer on the immune response, the ability to protect the drug molecules from degradation,
biocompatibility, biodegradability and the ability to release the active ingredients. Poly-
mers used in clinical therapies can be categorized based on their origin, stability and other
additional properties. In the following, these categories are described in more detail. (i)
Origin: (a) Synthetic: The birth of synthetic polymers was the dawn of a new era in the
field of human therapy [51]. Examples are poly(ethylene glycol),poly(vinylpyrrolidone),
poly(ethyleneimine) and linear polyamidoamines. (b) Natural: Despite the advantages
of natural polymers such as availability and cost, these polymers have not been widely
used for drug delivery. This is due to the variations in their purity and the necessity of
crosslinking which may denature the embedded drug [52]. Examples are: Polysaccharides
(dextran, dextrin, cellulose, hyaluronic acid and chitosan), proteins (collagen, gelatin, al-
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bumin, fibrin). (c) Pseudosynthetic: examples are the man-made poly(amino acids) and
polyaspartamides [50]. (ii) Backbone stability: (a) Biostable: These polymer structures
that are stable in the body and are resistant against degradation, are used when per-
manent aids are needed. Polymers such as polyethylene and poly(methyl methacrylate)
are two examples of biostable polymers. These polymers should be physiologically inert
in tissues and should keep their mechanical properties for decades. (b) Biodegradable:
These polymers are intended for temporary aids such as sutures, drug delivery devices
and tissue supporting scaffolds. They stay in the body for a specific time and are then
degraded to soluble molecules that can be excreted from the body. Therefore, there is
no need for another surgery to remove the polymeric system [53]. These polymers will
be discussed in more detail in the next section. (iii) Architecture: Polymers can have a
variety of architectures such as linear, branched, graft, crosslinked, star shaped, multiva-
lent, and dendronized. In drug delivery, the polymer architecture affects the drug loading
efficiency, drug release rate and biodistribution as well as the physicochemical properties
of the carrier [54]. (iv) Chemical Composition: Polymers can have different chemical com-
positions such as polyester, polyamide, polyanhydride. (v) Water solubility: Polymers can
be either hydrophilic or hydrophobic and (vi) other properties such as, bioadhesion and
biocompatibility.
2.3.1 Biodegradable Polymers
Polymer degradation is known as chemical reactions that result in a breakage of bonds in
the main polymer chain that produce shorter oligomers, monomers and other low molecular
weight by-products. Other terms such as resorbable, absorbable, and erodible have also
been used in the literature to indicate biodegradation. In a biodegradable polymer, the
degradation is due to environmental actions such as biocatalytic processes (involving fungi,
enzyme, bacteria, etc), radical and/or chemical reactions (UV irradiation, oxidation, or
hydrolysis). Most of the biodegradable polymers that have been discovered or synthesized
in the past few decades have bonds that can be hydrolyzed such as ester, ortho-ester,
anhydride, carbonate, amide, and urea. Due to the high biocompatibility and suitable
physicochemical and biological properties, aliphatic polyesters containing ester bonds are
one of the most common biodegradable polymers [55].
Since these polymers are absorbed in the body, they do not have the problems associ-
ated with non-biodegradable polymers such as the necessity to remove the polymers after
drug release and the probability of increasing toxicity. Therefore, their applications have
increased over the past decades. Also, biodegradable polymers have two major advantages
over non-biodegradable polymers. First, since they are gradually absorbed by the human
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body, and do not leave any residual implantation sites, they do not demonstrate chronic
foreign-body reactions. Second, some of these polymers have been found to be able to re-
generate tissues (called tissue engineering) by the interaction of their biodegradation with
immunologic cells like macrophages. Therefore, they can be used as temporary scaffold for
tissue engineering in surgical implants [56]. They have received considerable attention as
medical devices (e.g., sutures, implants, dental, etc) and for the controlled release of differ-
ent active ingredients for various applications (i.e., pharmaceutical, pesticide, veterinary).
Among these systems, biodegradable micro-and nano-systems have been studied as drug
delivery systems for controlled release applications [57].
Mechanisms such as diffusion and/or erosion impact the release kinetics of drugs from
these systems. These mechanisms are influenced by the degradation rate of polymer and
depend on the polymer and active ingredient properties [57]. The biodegradation rate
of a polymer depends on different factors such as polymer chemistry, molecular weight,
molecular architecture, and morphology. Other factors are geometry, porosity, and size, as
well as surrounding conditions (i.e., temperature and pH) [51].
Based on their chemical origin, biodegradable polymeric biomaterials can be divided
into the following groups: (i) linear aliphatic polyesters (e.g., polylactide) and their copoly-
mers within the aliphatic polyester family such as poly(glycolide--caprolactone) copolymer
(ii) biodegradable copolymers of linear aliphatic polyesters in linear aliphatic polyesters and
monomers other than linear aliphatic polyesters like, poly(L-lactic acid-L-lysine) copolymer
(iii) biodegradable polysaccharides like chitosan, chitin and hyaluronic acid (iv) poly(ester-
ethers) like poly-p-dioxanone, olyamino acids such as poly-L-lysine (v) Inorganic biodegrad-
able polymers such as polyphosphaene, which have a nitrogen-phosphorus backbone instead
of ester linkage (vi) poly(orthoesters) and (vii) polyanhydrides [56].
2.3.2 Biocompatible Polymers
Since polymers are often internalized by cells, biocompatibility is of great importance [58].
Biocompatibility is defined as “the ability of a material to perform with an appropriate
host response in a specific application” [59]. Polycations are usually hemolytic, cytotoxic
and activate the complement system, whereas polyanions can induce cytokine release and
anticoagulant activity but are less cytotoxic.
General requirements for a biocompatible polymer are non-carcinogenicity, non-toxicity,
non-allergenicity, non-mutagenicity, being free of contaminants (such as synthesis residues,
solvents, and additives), having biocompatible degradation products, no immunological
responses and bioresorbability. The term bioresorbable refers to polymers that are degraded
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into products which can be removed from the body by natural pathways or are ideally
involved in the metabolic pathway. Biocompatibility also depends on the site of injection
and surface topography of the polymer. This is because different tissues in the body have
different sensitivity to irritation; sharp edges or corners can irritate and increase the local
tissue response [51].
2.3.3 Bioadhesive Polymers
One of the ways to increase the absorption of drugs is the application of bioadhesive sys-
tems. Bioadhesive polymers enhance drug delivery systems by increasing their residence
time in several routes of administration. Improvements in local drug delivery and enhanced
bioavailability of some drugs can be achieved by prolonged contact. A bioadhesive is de-
fined as a material that adheres to a biological substrate and remains on that surface for a
prolonged time. These systems create concentration gradients between the drug delivery
system and the absorptive membrane and lead to the inactive absorption of drugs. They
also increase the penetration of drugs. Drug delivery systems containing bioadhesives usu-
ally adhere to the mucin layer coating or the membrane surfaces. Most of the targeted
areas used in drug delivery have coatings of mucus. Due to the adhesion of bioadhesive
polymers to mucus, they are commonly called mucoadhesive. Examples of bioadhesives
with their water solubility and charge are listed below [60]: (i) water soluble bioadhesive:
The contact time between the adhesive and mucus is limited to a few hours depending on
the type of adhesive and flow of biological fluid at the site of administration. The differ-
ent types of water-soluble bioadhesives are cationic (polylysine), anionic (carboxymethyl
cellulose (sodium)), and neutral (polyethylene glycol), (ii) water insoluble bioadhesive:
These bioadhesives remain on their site until the tissue or mucin replaces itself and they
usually stay for about 4 to 72 h. Examples are cationic (L gelatin), anionic (crosslinked
poly(methyl acrylic acid)), and neutral (poly(methyl methacrylate)).
Most bioadhesive drug delivery systems are applied topically to a targeted tissue. These
systems can be applied to several parts of the body such as dermal areas, oral cavity,
ocular, vaginal, rectal, intestinal, and gastric. The biological membranes of these tissues
have unique properties such as immunology, permeability and enzymatic activity. These
factors should be taken into consideration for improved bioavailability of the drug and
successful bioadhesion.
The contact between mucosal membrane or its coating and the adhesive is seen as a
two-step process: (i) initial contact between substrate and the bioadhesive: Successful
initial contact is accompanied with wetting of the substrate surface and depends on the
16
similarities of the physicochemical properties of two surfaces and (ii) Subsequent formation
of bonds between the two surfaces: These bonds can be hydrogen bonds, hydrophobic, or
electrostatic which permit the bioadhesive drug delivery system to attach to the substrate
[60].
2.4 Polysaccharides
2.4.1 Cellulose
Cellulose is the most abundant organic biopolymer on earth and is the primary structural
component of cell walls of higher plants. It was first characterized in 1838 by Anselme
Payen [61]. Cellulose is one of the few natural compounds that have a similar structure
despite its various sources such as grass (i.e., papyrus and bamboo), cotton, wood, or other
plants. Other sources of cellulose are some sea animals (tunicates), some algae, some fungi,
oomycetes (water mould) and acetic acid bacteria (Acetobacter xylinum). However, the
cellulose content in different sources varies notably. The highest amount of cellulose is
found in cotton balls (90-99%), while wood contains 40-50% cellulose. In nature, cellulose
occurs in the form of highly crystalline (crystallinity 65-95%) microscopic fibres 2-20 nm
in width and different lengths depending on its origin [62].
2.4.1.1 Cellulose Molecular Structure
Cellulose is a high molecular-weight (162 g/mol or more) linear homopolysaccharide of
β(1 − 4) linked D-glucopyranose (Glc) residues. The removal of water from each glucose
molecule results in an anhydride glucose unit (AGU) that is polymerized into long cellulose
units with 5,000-10,000 repeating units. The basic repeating unit of cellulose is called a
disaccharide cellobiose unit composed of two AGUs (Figure 2.2). As shown in Figure 2.2,
cellulose polymer has two chemically different side chain ends:
• Reducing end group: contains a D-glucopyranose unit in which the anomeric car-
bon atom is part of a cyclic hemiacetal. This terminal hemiacetal group is in an
equilibrium where a small proportion is an aldehyde acting as a reducing group.
• Non-reducing end group: contains a D-glucopyranose unit in which the anomeric
carbon atom is involved in a closed ring structure.
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Figure 2.2: Molecular structure of cellulose [63].
2.4.1.2 Cellulose Properties
Cellulose is a biodegradable and hydrophilic polymer. It is odorless and has no taste.
Treatment of this long chain colloidal carbohydrate polymer with specific enzymes or con-
centrated acids at high temperature can break it into its glucose subunits. Many properties
of cellulose depend on its chain length or degree of polymerization. Another important fac-
tor that affects the properties of cellulose is the strong hydrogen bond network within the
cellulose chains [64].
Cellulose Degree of Polymerization The average number of glucose residues per cel-
lulose molecule is known as degree of polymerization (DP), which affects many properties
of cellulose. Cellulose has different DPs depending on its source and the DPs are not very
well established. The reason is that the isolation of pure cellulose includes different steps
such as pulping, partial hydrolysis, dissolution, re-precipitation, and extraction with or-
ganic solvents. These procedures usually break cellulose chains and lead to underestimated
DP values depending on the method used. Cellulose from wood pulp has DPs between
300 and 1,700 whereas cotton and other plant fibers and also bacterial cellulose have DPs
of 800 to 10,000. Acid hydrolysis of cellulose can produce molecules with very low DPs
known as cellodextrins [65].
Cellulose Solubility and Hydrogen Bonding The free hydroxyl groups in the equa-
torial positions of cellulose can participate in hydrogen bonds leading to the formation of
different crystalline arrangements. These hydrogen bonds organize the chains in highly
ordered crystalline structures. Therefore, by inhibiting the free rotation of the pyranose
rings, the strength of the polymer is increased and the flexibility is reduced. Hydrogen
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Figure 2.3: Hydrogen bonding of cellulose (a) intramolecular and (b) intermolecular [69].
bonding is the reason for properties such as, swelling, absorption and optical behavior
in cellulose chains. The general structure of cellulose contains aggregated particles with
extensive pores capable of capturing large amounts of water by capillary forces. As men-
tioned, between the crystalline regions of cellulose amorphous regions are present. The less
ordered or amorphous regions in cellulose polymer are less tightly packed and are thus,
more available for hydrogen bonding to other molecules, such as water. Due to the exten-
sive and strong hydrogen bonding in the crystalline regions of cellulose, it is insoluble in
most common solvents [66].
Hydrogen bonding with water does not dissolve cellulose but rather makes cellulose
swell. The hydrogen bond network also increases the thermal stability of cellulose. The
hydrogen bonding can be intra- and inter-molecular [67]:
• Intra-chain hydrogen bonding: between C3-OH and O5 and/or the C6-OH and C2-
OH [68](Figure 2.3a).
• Inter-chain hydrogen bonding: This type of binding is believed to be the main fac-
tor in holding cellulose chains together. The inter-chain hydrogen bonding occurs
between the C6-OH of one chain and the C3-OH of the adjacent chain (Figure 2.3b).
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2.4.1.3 Cellulose Derivatives
Several morphological and chemical modifications are possible on cellulose due to its
unique molecular and supramolecular architecture via derivatization. Modifications are
performed on cellulose to either reinforce its original properties or to add new function-
alities. Throughout history, different chemical and physical modifications have been per-
formed on cellulose. The insolubility of cellulose in most common solvents requires the
modification reactions to occur in heterogeneous media. This decreases the overall re-
action efficiency by hindering the accessibility of the reagents and solvents to penetrate.
Solvents and reagents reach the amorphous regions more easily than the crystalline regions.
Using the hydroxyl groups, cellulose can fully or partially react with reagents yield-
ing derivatives suitable for applications in industry. Most of the cellulose derivatives are
synthesized based on alcohol chemistry. The most typical cellulose modifications are ether-
ification and esterification. Etherifications are performed using different types of alkylating
reagents such as methyl chloride. Esterifications involve acetylations with acetic acid or
acetic anhydride leading to the production of cellulose acetate. Other types of modifica-
tion reactions are ionic and radical grafting, oxidation and deoxyhalogenation (Figure 2.4).
However, the crystalline structure of cellulose causes a steric hindrance that decreases the
reactivity of hydroxyl groups. Degree of substitution (DS) is a value used to study the
reactivity of cellulose. Based on the hydroxyl groups on the three AGUs, DS ranges from
0 to 3. Usually DS is lower than 3 due to the poor accessibility of the crystalline regions
in cellulose, indicating the partial reactions within the amorphous regions [63].
2.4.1.4 Cellulose Applications
Industrial Applications Cellulose has many applications as an emulsifier, stabilizer,
anti-caking agent, dispersing agent, thickener and gelling agent. Its most important use
is in the retention of water [70]. The amorphous domains of cellulose become soft and
flexible after water absorption. Cellulose can also act as a fat replacer in sauces and
dressings by improving volume and texture. Viscous cellulose solutions have potentials in
various industrial sectors, such as paper-coating and textile finishes. One third of purified
cellulose is used for derivatization reactions that have many applications based on the
DS [71]. As described previously, derivatization of cellulose interrupts the orderly crystal-
forming hydrogen bonding, so that even hydrophobic derivatives may increase the apparent
solubility in water. Cellulose derivatives can be used as thickening agents in food, adhesives,
explosives, and moisture-proof coatings.
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Figure 2.4: Position in cellulose structure for chemical modifications [63].
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Cellulose Biomedical Applications Cellulose, being the most abundant biopolymer
in nature, is a popular biomaterial for pharmaceutical applications. As discussed previ-
ously, due to its insolubility in water arising from the intensive intra- and inter-molecular
hydrogen bonding between the individual chains [72], chemical modifications are desir-
able. These cellulose derivatives (cellulosics) can be used in pharmaceutical applications
because of their several advantages such as, biocompatibility, strength, low cost, repro-
ducibility and recyclability. They are usually used for film formation, water retention,
emulsifying and suspending agents, thickening agents, tablet binders and modifying the
release of drugs from formulations. A summary of some pharmaceutical applications along
with the cellulose derivatives are given below [63]: (i) Controlled delivery systems: hy-
droxypropyl cellulose and microcrystalline cellulose (MCC). (ii) Coating tablets: MCC,
sodium carboxymethyl cellulose, hydroxypropylmethyl cellulose. (iii) Enteric coating of
tablets: cellulose acetate phthalate and hydroxymethyl cellulose phthalate. (iv) Colon tar-
geting of drugs following oral administration and delayed absorption (binders that swell in
gastric media): hydrated form of hydroxypropylmethyl cellulose and hydroxypropyl cellu-
lose. (v) Stabilizing agents (adjusting the viscosity of syrups: carboxymethyl cellulose. (vi)
Diluent and disintegrating agent for release of solid dosage forms: MCC. (vii) Applications
in matrix systems: (a) Hydrophilic: hydroxypropyl cellulose and hydroxyethyl cellulose.
(b) Hydrophobic: ethyl cellulose.
Despite a long history of use in tableting, there is still extensive research into the use of
MCC and other types of cellulose in advanced pelleting systems. The tablet disintegration
and drug release rate might be controlled by microparticle inclusion, excipient layering or
tablet coating [14].
2.4.2 Chitosan
Chitosan is the second most abundant natural polymer that is produced by the partial
deacetylation of chitin under enzymatic hydrolysis using chitin deacetylase or under alkaline
conditions. Chitin is a linear homopolysaccharide of β(1− 4) linked 2-acetamido-2-deoxy-
D-glucopyranose (GlcNAc) residues (Figure 2.5). Chitin is obtained from the cell walls
of yeast and fungi or from exoskeletons of arthropods [73]. However, the main source of
industrial chitosan is shrimp and crab shell wastes [74].
2.4.2.1 Chitosan Preparation
Upon boiling chitin in a concentrated potassium hydroxide solution, Rouget first reported
chitosan in 1859 [76]. A century later, detailed studies were reported on chitosan [77]. A
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Figure 2.5: Chemical structure of chitin [75]
schematic on the manufacturing process of chitosan is shown in Figure 2.6. In this easy
and inexpensive process, sequential treatment of ground crustacean shells with alkali and
acid leads to the demineralization and deproteinization of the shells. Afterwards, chitin is
extracted and deacetylated to chitosan at high temperature by alkaline hydrolysis [78].
2.4.2.2 Chitosan Structure
Molecular Structure Chitosan is an aminoglucopyran composed of β(1− 4) linked N-
acetyl glucosamine (GlcNAc) and glucosamine (GlcN) residues (Figure 2.7). The structure
of chitosan is similar to cellulose. In chitosan the hydroxyl groups in the C-2 position of
cellulose have been replaced with amino groups.
Solid State Structure Chitosan is a semi-crystalline polymer and the degree of crys-
tallinity depends on the degree of deacetylation. The solid-state structure of chitosan
depends on its molecular properties, such as, the sequence, proportions, and number of
GlcN and GlcNAc units [80]. The maximum crystallinity of chitosan is observed when it is
either chitin (0% deacetylated) or fully deacetylated (i.e., 100%). Complete deacetylation
produces single crystals of chitosan [73]. Chitosan with short chain length (low molecular
weight) and high proportion of GlcN residues is highly crystalline. The crystalline form
of chitosan has a fully extended two-fold helical structure. Crystalline chitosan has two
distinguished forms: anhydrous and hydrated [81]. At intermediate degrees of deacetyla-
tion, minimum crystallinity is achieved [80]. Chitosan with a random sequence and equal
proportions of GlcN and GlcNAc is completely amorphous and highly soluble in water.
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Figure 2.6: Chitosan production [79].
Figure 2.7: Chemical structure of chitosan [75]
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Conformation in Solution Polysaccharides have a tendency to form intra- and inter-
chain hydrogen bonds, due to the many hydroxyl groups on their structure, leading to
insolubility or molecular aggregation in solutions [82]. Also, polysaccharides have hy-
drophobic properties due to CH groups, which are the basis for hydrophobic interactions
[73].
Commonly, it is believed that chitosan chains act as stiff wormlike chains. Generally,
two kinds of parameters affect the conformation of chitosan molecules in solution [83]: (i)
Parameters related to the molecular structure such as proportions of GlcN and GlcNAc
residues and chain length (molecular weight). In a study [84], the researchers observed ran-
dom coil conformations for chitosan chains with molecular weights equal to or greater than
223 kDa and extended rod-like conformation for chitosan chains with molecular weights of
148 kDa or lower. Differences in charge distributions and intramolecular hydrogen bonding
patterns caused the changes in conformation below and above the transition. (ii) Parame-
ters related to the molecular environment such as, solvent type, ionic strength and pH: At
low pH values, chitosan is positively charged due to the protonation of the GlcN residues.
Therefore, the repulsion between the positive charges along the chain reduce the molecular
flexibility and lead to a more extended conformation [85].
Later studies showed the significant effect of proportions of GlcN and GlcNAc and
ionic strength on the chain conformation. Temperature and pH had substantial effects on
chitosan molecules [84, 86].
2.4.2.3 Chitosan Physicochemical Properties
Molecular Weight As discussed previously, the alkaline hydrolysis of chitin at high
temperatures leads to the production of chitosan. The molecular weight of chitin is several
million Daltons which is reduced to molecular weights in the range of 10-1,000 kDa in chi-
tosan by harsh treatment with alkali [78]. Commercial chitosans from Fluka (biochemika,
Switzerland) are classified as below:
• High molecular weight: ∼ 2, 000 kDa
• Medium molecular weight: ∼ 750 kDa
• Low molecular weight: ∼ 70 kDa
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Degree of Deacetylation The average number of GlcN residues per 100 residues in
chitosan is known as the degree of deacetylation (DD) and is usually expressed as a per-
centage [87]. Commercial chitosans vary in DD from about 70 to 95% depending on the
determination methods and manufacturing process. DD is an important factor for chitosan
applications. Sometimes DD is expressed as degree of acetylation (DA), DA=100-DA.
When DD is higher than 40% in dilute acidic solutions, chitosan is soluble [88].
Solubility In acidic aqueous media due to the protonation of amino groups in the pres-
ence of H+ ions chitosan is soluble. A number of papers state that chitosan is soluble
below pH 6 and can be easily dissolved in 1 v/v % acetic acid. The pKa of chitosan ranges
from 6.2 to 7. If the pH of the solution approaches the pKa, the amino groups become
deprotonated and chitosan precipitates. However, apart from pH, other factors such as
degree of deacetylation, acetyl group distribution, ionic strength of medium, the type of
acid used, and intra-molecular hydrogen bonds between hydroxyl groups and final drying
conditions for chitosan preparation affect the solubility of chitosan [73].
2.4.2.4 Chitosan Biological Properties and Applications in Biomedical Field
Chitosan has attracted interest in the biomedical field due to several advantages such
as unique physicochemical properties, high biocompatibility, complete biodegradability,
abundance, renewability as well as low toxicity [16]. It has interesting biological properties
such as, mucoadhesion, analgesic, hemostatic, antioxidant, antibacterial, and antitumor
properties [89]. Thus, it is suitable for a wide range of biomedical and pharmaceutical
applications [90, 91, 92].
Chitosan is a linear polyelectrolyte, a cationic polyamine that possesses a high charge
density below pH=6.5 and can attach to negatively charged surfaces and form chelates with
metal ions. It has active hydroxyl and amino groups that make it suitable for chemical
reactions and salt formation. The functional properties of chitosan depend on its chain
length, charge density and distribution [93]. Chitosan and its derivatives have properties
such as film formation, high mucoadhesion, gel formation, opening the cellular tight junc-
tions, and non-toxic effect in the body. Due to its polyelectrolyte nature at low pH, it has
many potential applications in the form of aqueous solutions, hydrogels, sponges, fibers,
and films. Therefore, it can be applied as the gel coating in drugs, granules micro- and
nanoparticles for applications in drug delivery systems from several routes such as oral,
injection, inhalation, and dermal. Chitosan has applications in cosmetics and studies are
focused on applying it in several pharmaceutical formulations.
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The suitable functionality of chitosan as a part of pharmaceutical formulations for drug
delivery has been proven in several studies. Some of the several advantages of chitosan for
drug delivery are controlled release properties for drugs, rapid release properties for drugs,
applications in bioadhesive drug delivery systems, improvements in peptide drug delivery,
applications as colonic drug delivery systems, and applications in gene delivery[16, 93]
Table 2.1 summarizes the principal characteristics of chitosan and its related biomedical
applications.
Table 2.1: Principal properties of chitosan in relation to its use in biomedical applications
[73]
Potential Biomedical Applications Principal Characteristics of Chitosan
Surgical sutures Biocompatible
Dental implants Biodegradable
Artificial skin Renewable
Bone rebuilding Film-forming
Corneal contact lenses Hydrating agent
Time release drugs Non-toxic, biological tolerance
Encapsulating material
Hydrolyzed by lysozyme, wound healing properties,
efficient against bacteria, viruses, fungi
2.4.3 Chitosan Oligosaccharide (CSOS)
Despite several attractive functional properties of chitosan in many applications, its high
viscosity, high molecular weight, ease of aggregation and low solubility at physiological pH
values (7.2-7.4), make it difficult to use in in vivo applications [94]. To overcome the solubil-
ity problem, chitosans has been modified into water-soluble analogues such as PEGylated
chitosan and glycol chitosan. Another approach for addressing the chitosan solubility is-
sues is the use of low molecular weight chitosans known as chitosan oligosaccharides (CSOS)
[16].
The enzymatic degradation of chitosan followed by ultrafiltration leads to the pro-
duction of short chain chitosans with low molecular weight (i.e., 3-6 kDa), called CSOS.
Unlike chitosan, CSOS is soluble in water below pH=7.4. It also has reactive amino and
hydroxyl groups therefore, by chemically altering its properties, many derivatives can be
obtained for pharmaceutical applications [94]. Another major advantage of CSOS compared
to water-insoluble chitosan is its higher in vivo antibacterial properties [92].
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2.5 Cellulose Nanocrystals (CNC)
2.5.1 CNC Preparation
Natural cellulose contains both crystalline and amorphous domains. The access of chem-
icals to the crystalline domains is restricted due to the highly ordered, hydrogen bonded
and extended packing of the cellulose chains. Therefore, acid hydrolysis mostly affects
the amorphous regions. Stable suspensions of colloidal sized cellulose crystals prepared
by sulfuric acid hydrolysis of cotton and wood cellulose were first reported in 1950 by
Ranby and Ribi [95]. The acid hydrolysis of cellulose microfibrils is a heterogeneous and
complex reaction. In a heterogeneous acid hydrolysis reaction, the primary fibrils are first
broken into highly crystalline fragments by the penetration of acid into the amorphous
regions. After the hydrolysis of a certain amount of glycosidic bonds, the reaction rate
slows down significantly and results in a degree of polymerization. The acid hydrolysis
of cellulose fibers produces highly crystalline rod-like particles called cellulose nanocrys-
tals (CNC) (Figure 2.8) [5, 96].The rate of acid hydrolysis is different for various sources.
For instance, studies have shown that wood cellulose is depolymerized faster than cotton
cellulose. Amorphous cellulose domains can be selectively removed by proper selection of
reaction conditions. The optimum condition for CNC production entails an acid hydrol-
ysis reaction at 45 ◦C for 60 min. Under these reaction conditions, all the amorphous
regions are completely hydrolyzed with residual crystalline particles left with a length of
approximately 200 nm [97].
The acid hydrolysis mechanism for the disruption of β(1− 4) glycosidic bonds is com-
prised of three steps [68, 97] as shown in Figure 2.9. First a conjugate acid is formed by
the rapid interaction of acid with glycosidic oxygen and protonization of acetal oxygen
linking the two sugar residues together. An electron pair is shifted to the anomeric carbon
which breaks the C-O bond. Lastly, a neutral end group and a proton are produced by the
interaction of water and carbonium ion. The intermediate carbonium ion is formed more
rapidly at the end than in the middle of the polysaccharide chain. Therefore, after partial
hydrolysis, the number of monosaccharides produced is higher than the calculated value
based on random bond cleavage [99].
2.5.2 CNC Properties
CNC is a biodegradable, relatively cheap biomaterial with superior mechanical properties.
For instance, CNC is considered to be stiffer than aluminum and stronger than steel [101].
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Figure 2.8: Schematics of (a) single cellulose chain, (b) a cellulose microfibril showing
ordered (crystalline) and disordered (amorphous) regions, and (c) cellulose nanocrystals
after acid hydrolysis which dissolved the disordered regions [98].
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Figure 2.9: Mechanisms of the acidic hydrolysis of cellulose [100].
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It also has a high aspect-ratio (i.e. length/diameter) of 30 to 150 depending on its source
[96]. Other important properties of CNC are discussed hereafter.
2.5.2.1 Size
In wood, cellulose molecules form long crystalline elements with cross-sectional dimensions
around 2-5 nm called elementary fibrils. The aggregation of these fibrils forms larger struc-
tures called microfibrils with lateral dimensions of around tens of nanometers (Figure 2.10)
[102]. The preparation method and cellulose origin generate CNCs with different dimen-
sions. For instance, lengths from 100 nm to a few micrometers and a diameter of 8-10 nm
and 10-20 nm, have been reported for CNCs derived from cotton and tunicate, respectively
[103]. By ultrasonicating CNC solutions, the aggregates formed are broken down whilst
no reduction is observed in the average length of the particles [104].
There is a challenge in determining the exact dimensions of cellulose microfibrils. How-
ever, in the past decade several analytical methods have been used such as, Transmission
Electron Microscope (TEM) [105], Scanning Electron Microscope (SEM) [106, 107], Field
Emission Scanning Electron Microscope (FE-SEM) [105], dynamic and static light scatter-
ing techniques [5], and AFM [103, 108].
2.5.2.2 Surface Charge
The sulfuric acid hydrolysis of cellulose fibers introduces sulfate ester groups on the surface
of CNC (Figure 2.11). Factors such as temperature, time, acid concentration, and acid
to substrate ratio can affect the sulfur content in CNC in the range of 0.5-2%. The
deprotonation of sulfate ester groups in aqueous solutions gives CNC a negative charge
[110, 111].
2.5.2.3 Suspension Properties
Due to the repulsion between the negatively charged particles, CNCs form stable aqueous
solutions [113]. The ionic strength of the solution affects the forces between the particles
[110]. Above a critical concentration (∼ 5 − 7% cellulose), CNC suspensions form chiral
nematic ordered phases in solutions without salt.
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Figure 2.10: Structure of wood from the tree to CNCs. ML=middle lamellae between
tracheids, P=primary cell wall, S1, S2, S3=cell wall layers [109].
Figure 2.11: Partial esterification of surface hydroxyl groups by sulfuric acid during cellu-
lose hydrolysis [112]
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2.6 CNC Surface Modification
The rigid rod-like structure of sustainable CNC offers many potential modifications in
gels, coatings and composites. However, due to the hydrophilic nature of CNC, it is
limited to applications involving polar solvents. In order to explore the full potential of
CNC in various fields, the surface of CNC has to be modified with different compounds to
enhance the interfacial compatibility and add new functionalities. The presence of several
functional groups on CNC, provides the opportunity of surface functionalization of CNC
via different chemistries [114]. Similar to cellulose, CNC possesses many hydroxyl groups
on its surface. Therefore, the same reactions can be conducted on CNC (Figure 2.12)
and several novel nanomaterials have been produced [115, 116]. The properties of CNC-
modified nanomaterials can be manipulated by the structure of polymer chains grafted on
it (i.e., polymer type, architecture, hydrophobicity, thermal behavior, chain flexibility, and
chain length), the size of CNC, and the density and location of grafting.
CNC has been covalently grafted with several polymers for different applications. In
all of these studies, the reactions were random without site specificity and did not af-
fect the architecture and morphology of cellulose. In one study, cellulose microcrystals
were grafted with PEG to produce steric stabilizing effects and increase the stability of
such suspensions [118]. In a recent study, pH-responsive CNC was obtained via grafting
4-vinylpyridine through surface-initiated graft polymerization using ceric(IV) ammonium
nitrate. By changing the pH, poly(4-vinylpyridine) grafted CNC could undergo reversible
sedimentation and flocculation. The authors proposed that their system could have po-
tential applications as flocculating agents in the pulp and paper industry and as clarifying
agents and triggered release delivery systems in the biomedical field [119].
In the production of CNC, varying the acid hydrolysis reaction parameters of cellulose
not only alters the dimensions of CNC but also creates nanocrystals with one end containing
concentrated reducing end groups. Therefore, the asymmetrical structure of CNC allows
the creation of novel nanomaterials by selective grafting of polymer chains onto one end
of their rigid structure. Small molecules have been selectively grafted onto one end of
cellulose microcrystals [120].
In the following, anionic modification of CNC through TEMPO-mediated oxidation is
described in more detail.
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Figure 2.12: Schematic diagram illustrating the various types of chemical modifications on
CNC surface [117].
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Figure 2.13: Structure of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO).
2.6.1 TEMPO-Mediated Oxidation
2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) belongs to the highly stable nitroxide rad-
ical or nitroxyl class of compounds (Figure 2.13). The use of TEMPO for the selective
oxidation of primary alcohols in the presence of secondary ones was first introduced by
Semmelhack and coworkers [121]. Several papers have been published on the TEMPO
oxidation of carbohydrates (including cellulose) including an extensive review [122].
2.6.1.1 Reaction Process and Proposed Mechanisms
Most of the TEMPO-mediated oxidation reactions of cellulose are performed in aqueous
media at alkaline pH (9− 11). The degree of oxidation depends on the amount of NaOCl
added in the TEMPO/NaOCl/NaBr system. After the oxidation process of CNC to CNC-
OX with the structure of β− 1, 4−linked polyglucuronic acid sodium salt (cellouronic acid
Na salt), the solution becomes clear [123]. A simplified schematic of the TEMPO mediated
oxidation based on the mechanism proposed in the literature [124] is shown in Figure 2.14.
In order to transform a single anhydroglucose primary alcohol to its carboxylate derivative,
two molar equivalents of primary oxidant, hypochlorite, are required. Because TEMPO and
NaBr are regenerated in the course of the reaction, only catalytic amounts are required
to complete the reaction. During the reaction, protons are continuously being released
therefore the pH has to be maintained by adding dilute alkali solution.
The cellulose chains are packed in its crystalline unit cell in a manner where only half of
the primary hydroxyl groups (hydroxymethyl) are extended out of the crystalline structure
and are accessible for oxidation (Figure 2.15). The regio-selective oxidation of hydroxyl
groups on the surface of CNC to carboxylic acid is due to the fact that half of the cellulose
chains on the surface are buried inside the crystalline domains of the nanocrystals whereas
the other half on the exterior of the aggregates are available for oxidation [125].
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Figure 2.14: Simplified TEMPO mediated oxidation scheme [124].
Figure 2.15: Schematic of a cellulose chain at the surface of a cellulose crystal [125].
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Figure 2.16: Schematic representation of a cellulose whisker cross-section [126].
Habibi and coworkers have suggested the arrangement of cellulose chains in its crys-
talline unit cell (Figure 2.16). Based on this representation, the carboxylic acid groups
produced by TEMPO reaction are 0.8 nm apart in the lateral direction and 1.0 nm apart
in the longitudinal direction. The introduction of carboxylic acid groups on the surface
of CNC without changing its crystalline structure provides a unique platform for further
modification on CNC. One can create various novel compounds by further manipulating
these functional groups [126].
The conversion of primary hydroxyl groups to carboxylic acids is known to be pH
dependent. The pH of the reaction medium also affects the time of oxidation and a pH
of 10 has been shown to result in the shortest oxidation time [126]. Also, at acidic pH
the secondary hydroxyl group might be oxidized [122]. At pH values higher than 10, the
cellulose could be degraded by a β-elimination [127] .
2.6.1.2 Characteristics of TEMPO-oxidized Celluloses
TEMPO-mediated oxidation of cellulose also allows several modifications. The crystallinity
of cellulose significantly affects its degree of oxidation by TEMPO [122]. Due to the high
crystallinity index of native cellulose compared to mercerized/ regenerated celluloses, it
resists high levels of conversion [128, 129]. The partial oxidation of native cellulose does
not change its core crystalline characteristics and only produces superficial modification of
microfibril surfaces [130].
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2.6.1.3 Potential Applications of TEMPO-oxidized Celluloses
Due to the presence of several chemical functional groups on the surface of TEMPO-
oxidized cellulose fibers, they have the capability for heterogeneous derivatization. In one
study, sterically stabilized colloidal suspensions of functionalized microcrystalline celluloses
were prepared using TEMPO-mediated oxidized cellulose fibers [118]. Amine-terminated
PEG chains were grafted onto carboxylic sites of the TEMPO-oxidized microcrystals,
which caused stable suspensions in high concentration electrolyte (2M NaCl) in comparison
to unmodified microcrystals. Non-polar groups have also been successfully grafted onto
TEMPO-oxidized celluloses [127, 131]. Carboxyl functionalized celluloses have also been
used to co-adsorb some organic hydrophobic compounds and surfactants onto the surface
of cellulose microfibrils [132]. The aggregation of surfactants onto charged solid substrates
has various applications in different fields such as cosmetic formulations [133]. Based on
their findings it is concluded that the adsorption of non-polar compounds onto the fibrils
depends highly on the degree of oxidation during the TEMPO reaction.
2.7 CNC Biomedical Applications
CNC is becoming an important class of renewable nanomaterials with many applications in
different areas including biomedicine. In the following, a number of biomedical applications
of CNC are discussed.
2.7.1 Bionanocomposites
The small dimensions of CNC, its high aspect-ratio and high mechanical strength have also
made it a reinforcing material for polymers [134]. One of the main applications of CNC
is as reinforcing fillers in nanocomposite materials. Nanocomposite materials with supe-
rior mechanical properties compared to conventional fillers have been produced by mixing
polymer latexes with CNC derived from tunicate cellulose [96]. Incorporating CNC into
various polymeric matrices develops numerous bionanocomposite materials with potential
bioapplications. Capadona et al. [135] reported on various novel stimuli-responsive poly-
mer nanocomposites based on CNC, and they showed that the mechanical properties of the
material can be selectively and reversibly controlled. CNC has also been incorporated in
bionanocomposites that mimic the structure of a class of echinoderms called sea cucumbers.
These creatures have the ability to reversibly and rapidly alter the stiffness of the dermis
in response to different chemicals. This modulus is regulated by changes in interactions
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Figure 2.17: Natural model and bioinspired design of chemomechanical nanocomposites.
Pictures of a D sea cucumber in relaxed (A) and stiffened (B) Interaction “off” Interaction
“on” state demonstrating the firming of dermal tissue in the vicinity of the contacted area.
(C) Chemical structure of cellulose whiskers isolated through sulfuric acid hydrolysis of
tunicate cellulose pulp and the EO-EPI and PVAc matrix polymers used. (D) Schematic
representation of the architecture and switching mechanism in the artificial nanocomposites
with dynamic mechanical properties. In the “on” state, strong hydrogen bonds between
rigid, percolating nanofibers maximize stress transfer and therewith the overall modulus of
the nanocomposite. The interactions are switched “off” by the introduction of a chemical
regulator that allows for competitive hydrogen bonding. AB [135].
between the collagen fibrils. CNC was incorporated in a bionanocomposite with a rubbery
host polymer with a suitable thermal transition range and upon chemical stimulation, the
interaction between the nanocrystals was altered. CNCs have a strong tendency to ag-
gregate due to strong interactions between their surface hydroxyl groups. The presence
of sulfate ester groups on the surface of CNC can moderate the interactions between the
nanocrystals allowing its dispersion in hydrogen-bond-forming solvents. Taking advantage
of this key factor between the balance of attraction and repulsion forces in CNC nanocom-
posites, the modulus of CNC bionanocomposites can be dynamically altered by a chemical
regulator, which in this case changes the hydrogen bonding between the nanocrystals sim-
ilar to sea cucumbers. During the processing, good dispersion is achieved by “switching
off” the interactions between the nanocrystals by competitive binding with a solvent that
forms hydrogen bonds. The interactions between the nanocrystals are “switched on” when
the solvent is evaporated and they are assembled into percolating networks (Figure 2.17)
[135].
In another study using in situ free radical polymerization, CNC was used to reinforce
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Figure 2.18: Scheme of the gelation mechanisms of PAM-CNC nanocomposite hydrogels
[136].
polyacrylamide (PAM) hydrogels. They proposed a mechanism for the formation of the
hydrogels (Figure 2.18). CNCs were homogeneously dispersed in solution followed by the
addition of redox initiators of potassium persulfate (KPS) and sodium bisulfite (SBS) which
induced the production of free radicals from the OH groups on the surface of CNCs. After
the addition of acrylamide (AM) monomer and crosslinker N,N‘-methylenebisacrylamide
(NMBA), the free radicals formed on the surface of CNCs reacted with the double bonds
of AM monomer resulting in grafting points (covalent bond C-O) between CNCs and PAM
chains. The homopolymerization of AM to grow PAM chains was initiated by other free
radicals in solution, which were also crosslinked by NMBA. Finally, the PAM network
including CNCs was formed. The grafting points denoted the hydrogen bonding between
PAM and CNCs besides the covalent bonding (Figure 2.18). Investigations were done on
the chemical structure, morphology and swelling properties of nanogels. It was observed the
effective crosslink density increased and that accelerated the hydrogel formation through
grafting copolymerization of acrylamide monomer on the surface of CNC as reinforcing
materials. It was suggested that this biocompatible, strong nanocomposite hydrogel could
potentially be used in bone tissue engineering and bone-defect repair [136].
In a recent study, injectable hydrogels of dextran and carboxymethyl cellulose were
reinforced with CNC and aldehyde modified CNC (CHO-CNC). Shortly after the hydrogel
components were extruded from a double-barrel syringe, gelation occurred and CNCs were
shown to be distributed evenly throughout the hydrogel composites as observed by electron
microscopy techniques. Figure 2.19 shows a schematic of the composite hydrogel formation.
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Figure 2.19: Schematic representation of injectable hydrogels reinforced with cellu-
lose nanocrystals (CNCs), prepared using a double-barrel syringe. The crosslinking
hydrogel components include hydrazide- functionalized carboxymethyl cellulose (CMC-
NHNH2), aldehyde- functionalized dextran (dextran-CHO), and either unmodified CNCs
or aldehyde-modified CNCs (CHO-CNCs) [137].
CNC acted as filler while CHO-CNC acted as both filler and chemical crosslinker exhibiting
enhanced elastic moduli. The composite hydrogels were stable for more than two months
in buffer solution and they showed no significant toxicity to NIH 3T3 fibroblast cells.
The CNC-reinforced hydrogels could have potential applications in tissue engineering and
delivery of active compounds [137].
2.7.2 Electrochemical Biosensors
CNC is an amphiphilic, eco-friendly, biocompatible, high surface area material that can be
easily functionalized. CNC has been used alone or in combination with other nanomaterials
for the optimization of biosensor designs. Different peptides and proteins can be attached
to the surface of CNC with retained bioactivity, which can be useful in the design of
biosensors. Edwards et al. fabricated calorimetric and fluorescent biosensors by conjugat-
ing elastase substrate peptide on CNC. Elastase is the biomarker for various inflammatory
diseases including chronic wounds. The spatio-stoichiometric features of CNC provide a
useful platform for the interaction with the ligand [138]. In a previous study by the same
group, the researchers had attached hydrolase to CNC and reported very high lysozyme ac-
tivity [139].This suggested that the bioactivity of antimicrobial enzymes can be augmented
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when they are attached to the surface of CNC. These systems have potential applications
for the detection and inhibition of the formation of microbial biofilms [140]. Furthermore,
a novel nanocomposite consisting of CNC and gold nanoparticles was recently investigated
as a matrix for enzyme/protein immobilization [141], which exhibits significant biocatalytic
activity. Site-specific or regio-selective functionalization of CNC can create promising ma-
terials that can be self-organized into higher assemblies. Karaaslan et al. demonstrated
site-specific immobilization of a model protein at one tip of CNC. Mushroom-like conju-
gated nanoparticles were obtained by click chemistry in which, the reducing ends of rod-like
functionalized CNC with azide groups were reacted with acetylene groups of spherical b-
casein micelles. These hybrid protein-polysaccharide nanoparticles could be self-assembled
into different nanobiomaterials with potential applications in immunoassay, nanomedicine
and drug delivery [142].
2.7.3 Drug Delivery
CNC has attracted increasing attention in biomedical applications considering its prop-
erties as well as its safety and efficacy. U.S. Food and Drug Administration (FDA) has
listed CNC as a “Generally Regarded As Safe” (GRAS) material. The toxicity assessment
of CNC in the microvascular endothelial cells of human brain was conducted and CNC
was found to be non-toxic to cells and therefore could be used as carriers in the targeted
delivery of therapeutics [143]. CNC particles were incorporated into hydrogels based on
cyclodextrin/polymer inclusion [144], and the new nanocomposite hydrogels seemed to be
useful as controlled delivery vehicles.
Jackson and co-workers reported on the use of CNC for the binding and release of both
hydrophilic and hydrophobic drugs, where the encapsulation and release of drug molecules
can be controlled. First, they loaded CNC with water soluble, ionizable antibiotic drugs
such as, tetracycline and doxorubicin. A significant quantity of these drugs was shown
to bind to CNC with a fast release over one day. In order to study the potentials of
CNC as a carrier for hydrophobic drugs, the surface of CNC was modified with cetyl
trimethylammonium bromide (CTAB), a cationic surfactant. Modification of CNC with
CTAB increased the zeta potential from -55 to 0 mV. Hydrophobic anticancer drugs,
such as paclitaxel, docetaxel, and etoposide were significantly bound to CNC-CTAB and
released in a more controlled manner over 2 days. They also studied the cellular uptake of
the CNC-CTAB particles loaded with hydrophobic drugs to the KU-7 bladder cancer cells
by probing the drugs with fluorescein using fluorescence microscopy [14].
In a recent study, Rescignano et al. formed a novel hybrid bionanocomposite of CNC-
poly(vinyl alcohol)-poly(d,l-lactide-co-glycolide) (CNC-PVA-PLGA). They aimed at im-
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proving the biocompatibility, thermal, and mechanical properties of PVA by incorporating
CNC and PLGA nanoparticles loaded with bovine serum albumin fluorescein isothiocy-
nate conjugate (FITC-BSA). This system takes advantage of both the biocompatibility
and high mechanical strength of PVA/CNC as well as the control release of protein from
the PLGA nanoparticles. These bionanocomposite films are considered suitable candidates
for the successful delivery of biopolymeric nanoparticles to bone marrow mesenchymal stem
cells. The binary and ternary PVA nanocomposite films were investigated for their bio-
compatibility and release of BSA to mesenchymal stem cells. Their results showed that the
nanoparticles were easily taken up by the nanoparticles dissolved in the culture medium
after the dissolution of PVA from the binary films, or by direct contact modality of ternary
films. The bionanocomposites are excellent candidates for different localized and fast con-
trolled drug delivery applications [145].
In another study, researchers incorporated polysaccharide nanocrystals, such as rod-
like cellulose nanocrystals (CN), platelet-like starch nanocrystals (SN) and chitin whiskers
(CHW) into sodium alginate (SA) nanocomposite microspheres by conventional crosslink-
ing of Ca2+ with the goal of regulating drug release pattern and enhancing mechanical
strength. They characterized the nanocomposites with rheological testing, FT-IR, and
SEM. They observed increased stability of the network structure, improved mechanical
performance and crystalline properties, higher encapsulation efficiency, more consistent
swelling behaviors and desirable sustained release profiles of drugs. By analyzing the drug
release mechanism they concluded that the dispersion of these nanocrystals in the microgel
inhibits the diffusion of their drug theophylline and slows the dissolution and collapse of
microgels which leads to an improvement in the drug loading and release profile. Therefore,
the bio-nanocomposite microspheres could be used as a drug carrier for controlled delivery
and release of drugs [146].
2.8 Summary
In this chapter a background on nanoparticles in drug delivery is presented. Also, polymers
used in the biomedical field i.e. biodegradable, biocompatible, and bioadhesive polymers
are reviewed. Cellulose and chitosan as naturally occurring polysaccharides are described.
The production and properties of cellulose nanocrystal along with its surface modifica-
tion techniques is reviewed. Among different surface modification techniques, TEMPO-
mediated oxidation is described in more detail. Finally, the biomedical applications of CNC
in bionanocomposites, biosensors, and delivery of active compounds is presented. Based
on the current literature review, it can be concluded that studies on surface modification of
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CNC for various applications, is one of the main domains of interest of researchers. More-
over, surface modified CNC can address the desire to design novel carriers for the delivery of
active compounds. Therefore, our goal is to design and characterize novel CNC derivatives
with improved biological properties suitable for delivery of bioactive compounds.
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Chapter 3
Synthesis and Characterization of
Amine Functionalized Cellulose
Nanocrystals *
A simple protocol was used to prepare amine functionalized CNC. In the first step, epichloro-
hydrin (EPH) was reacted with ammonium hydroxide to produce 2-hydroxy-3-chloro propy-
lamine (HCPA). In the next step, HCPA was grafted to CNC using etherification reaction
in an organic solution media. Various reactions with varying different parameters, such
as time, temperature, and reactants molar ratio were performed to determine the optimal
reaction conditions. The final product (CNC-NH2(T)) was dialyzed for a week. Fur-
ther purification via centrifugation yielded the sediment (CNC-NH2(P)) and supernatant
(POLY-NH2). The presence of amine groups on the surface of modified CNC was con-
firmed by FT-IR and the amine content was determined by potentiometric titration and
elemental analysis. A high amine content of 2.2 and 0.6 mmol amine/g was achieved for
CNC-NH2(T) and CNC-NH2(P), respectively. Zeta potential measurements confirmed the
charge reversal of amine CNC from negative to positive when the pH was decreased from
10 to 3. This simple versatile synthesis method leading to high amine content can be used
for further conjugation as required for various applications.
*This chapter is adapted from a paper “S.P. Akhlaghi, M. Zaman, N. Mohammed, C. Brinatti, R.
Batmaz, R. Berry, W. Loh, K.C. Tam, Synthesis of Amine Functionalized Cellulose Nanocrystals: Opti-
mization and Characterization”, Submitted to Carbohydrate Research.
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3.1 Introduction
Cellulose nanocrystals, rigid rod-like nanoparticles obtained by acid hydrolysis of pulp
fibres have received increasing interest over the last 10 years. The non-toxicity, biocom-
patibility, and biodegradability of CNC along with its robust physical properties such as
large surface area, mechanical strength, and the presence of abundant surface hydroxyl
groups offer an interesting opportunity for their use in different fields [5]. In addition,
further surface modification of CNC expands its usefulness in many product formulations.
The primary hydroxyl groups could be converted to aldehyde, carboxylic acid and amine
functionalities. Cationic modification of cellulose and its derivatives is of interest due to
their utility in several key industrial sectors, such as water treatment [147]. In one study,
cationic CNC was prepared by reaction with epoxypropyltrimethylammonium chloride.
The cationic functionalization led to reversed surface charge density leading to stable aque-
ous suspensions due to the presence of trimethylammonium groups [7]. In a recent study,
the surface of CNC was cationically modified with 4-(1-bromoethyl/bromomethyl)benzoic
acid, pyridine in organic media. A high degree of substitution was reported leading to a
zeta potential of +59.0 mV [8].
Modification of the surface of CNC with primary amine groups not only introduces
positive charge on the surface of CNC in acidic medium, but it can also be used for the
conjugation of biomolecules to CNC for biomedical applications [9]. The importance of
polysaccharides with amine functional groups in biological systems has led to an increase
of research in this field [148, 149].
Different forms of cellulose have been modified with amine groups via several synthe-
sis methods. In one study, a three-step procedure was used to prepare 6-deoxy-6-amino
cellulose derivatives. First, cellulose was tosylated and reacted with sodium azide, where
the azide was reduced to amine using a CoBr2/2,2’-bypridine/NaBH4 system [150]. Amine
cellulose esters were also prepared by reactions involving lactam ring opening in the pres-
ence of N-methyl-2-pyrolidone and p-toluenesulfonic acid chloride [151]. In another study,
polyampholytic amino cellulose sulfates were prepared by the tosylation of C-6 carbon
followed by the introduction of sulfate groups using a trioxide/pyridine complex. Fur-
ther nucleophilic displacement of tosyl groups by different amines yielded various types of
cellulose with different types of amine functional groups [152].
In recent years, amine functionalized CNCs have been produced via different synthesis
routes. In one study, researchers decorated the surface of CNC with epoxide groups via
reaction with epichlorohydrin (EPH) in sodium hydroxide at 60 ◦C. After dialyzing the
reaction mixture, amine groups were introduced on the surface of CNC by opening the
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epoxide rings using ammonium hydroxide at 60 ◦C. The final product was obtained after
dialysis until the pH of 7 [10]. In another study, amine groups were introduced on the
surface of CNC by esterification and consecutive thiol-ene click reaction [153]. Click-
chemistry was also applied in another study to prepare amine functionalized CNC. Firstly,
azide groups were introduced to the surface of CNC via etherification of 1-azido-2,3-epoxy-
propane in a mixture of isopropanol/basic water at room temperature. In the next step, pH-
responsive amine decorated CNC was achieved by reacting the azide groups with propargyl
amine via copper catalyzed azide-alkyne cycloaddition [154]. In a recent study, amine
functionalized CNC was obtained via a two-step procedure in aqueous media at ambient
temperature. In the first step, the primary hydroxyl groups on the surface of CNC were
converted to carboxylic acid via TEMPO-mediated oxidation. In the next step, peptidic
coupling reaction between carboxylic acids and amines on bifunctional amines of small
alkyl chain length was conducted [9]. Amine groups have also been introduced on the
surface of CNC by grafting with chitosan oligosaccharide [155].
In the present study, we develop and optimize the functionalization of CNC with pri-
mary amines in aqueous solution in a simple reaction protocol. The synthesis protocols
previously used for the synthesis of amine functionalized CNC was modified and differ-
ent reaction parameters, such as time, temperature, ratios of CNC and reagents, and the
effect of reflux were optimized leading to a higher content of surface amine groups. The
pH-responsive properties of amine functionalized CNC was investigated by viscosity mea-
surements.
3.2 Experimental Section
3.2.1 Materials
A freeze-dried cellulose nanocrystal (CNC) sample was supplied by FPInnovations. Epichloro-
hydrin (EPH), dimethylsulfoxide (DMSO), and tetrabutylammonium hydroxide (TBAH)
were purchased from Sigma-Aldrich. Ammonium hydroxide (28 − 30%) was purchased
from Acros organics. Millipore de-ionized (D.I.) water was used for all experiments and
sample preparations.
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3.2.2 Synthesis and Optimization of Amine Functionalized Cel-
lulose Nanocrystals
In the first step, epichlorohydrin (1.46 mL) was added to ammonium hydroxide (3.78 mL)
and heated to 65 ◦C for 2 h. In the second step, CNC (1.00 g) was dispersed in DMSO (66.66
mL) and a different amount of TBAH was added to the mixture in a round bottom flask
(molar ratio of TBAH/ AGU: 0.1-1.0). Contents from the reaction in step 1 was removed
using a syringe and added to the second mixture in a dropwise manner. The reaction
mixture was stirred for various time intervals (0.5-8 h) and heated at different temperatures
(25-80 ◦C) for studies on the optimal reaction conditions. The reaction mixture was purified
by dialysis against D.I. water (MW cut off: 12,000 Da) for at least a week until the
conductivity of the dialysis medium remained constant. The final product was referred
to as CNC-NH2(T). Further purification of the reaction mixture was obtained by lowering
the pH down to 3, which induced the agglomeration of amine CNC nanoparticles between
positive NH+3 and negative OSO
−
3 groups. The agglomerated amine CNC was separated by
centrifugation at 10,000 rpm for 1 h. The sediment was redispersed in an alkaline aqueous
solution, and the process was repeated once more, where the purified product comprised
of the sediment (CNC-NH2(P)) and supernatant (POLY-NH2).
3.2.3 Potentiometric Titration
The amine content of the amine functionalized CNC was determined by potentiometric
titration. A Metrohm 809 Titando automatic titrator was used and the pH and conduc-
tivity were measured simultaneously. The titrator is equipped with a Tiamo software that
doses µL of titrants. All measurements were performed in a closed jacketed vessel at 25
◦C and the stirrer was set at a medium rate. 50 mL of 0.1 wt% CNC suspensions were
prepared in D.I. water. The pH of the suspensions was adjusted to approximately 3 using
1 M HCl. The suspensions were then degassed by bubbling argon gas into the solution and
were then titrated using 0.1 M NaOH under argon blanket and stirring. The conductivity
and pH of the suspensions were measured simultaneously until the pH of the samples ap-
proached 11. Finally, the pH and conductivity values were plotted against the volume of
NaOH (in mL), which were used to determine the content of amine groups.
3.2.4 Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectra of the dried KBr pellets of pristine CNC, CNC-NH2(T), CNC-NH2(P), and
POLY-NH2 were determined using a Bruker Tensor 27 spectrometer with resolution of 4
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cm−1 and a number of scans of 32 from 400 to 4000 cm−1. KBr pellets were prepared
by grinding approximately 2% of the samples in KBr and compressing the mixture into a
pellet. The FT-IR spectra were monitored and analyzed using the OPUS software.
3.2.5 Elemental Analysis
The percent of carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) contents (%) of
pristine CNC, CNC-NH2(T), CNC-NH2(P) and POLY-NH2 were determined by a CHNS,
Vario Micro Cube, Elemental Analyzer. The freeze-dried samples were combusted at 1000
◦C and the combustion products were detected by a thermal conductivity detector for
quantitative analysis.
3.2.6 Transmission Electron Microscopy (TEM)
TEM images of pristine CNC, CNC-NH2(T), and CNC-NH2(P) were recorded using a
Philips CM10 TEM with 60 keV acceleration voltages. Approximately 10 µL of 0.01 wt%
aqueous suspensions of the samples were deposited on a carbon-formvar film on 200 mesh
copper grids. In order to minimize possible agglomeration of the particles, excess solvent
was removed from the grids placed on a filter paper. Then the grids were allowed to dry
overnight.
3.2.7 Zeta Potential Measurements
Zeta Potential measurements for the various CNC systems at different pH values were mea-
sured using the ZetaPALS Analyzer (Brookhaven Instruments Corp., USA). The concen-
tration of the samples was maintained at ∼0.01 wt% and the experiments were conducted
at 25 ◦C. The reported values are an average of 10 measurements.
3.2.8 Viscosity Measurements
The relative viscosity of 0.1 wt% CNC-NH2(P) suspension, at different pH values was
determined using an automated kinematic viscometer, MiniPV (Cannon Instrument Com-
pany), at 25 ◦C. The sample was automatically drawn by a vacuum pump to the upper
glass bulb, and the sensors placed at the top and bottom of the glass bulb measured the
time taken for a known volume of liquid to flow through the capillary tube. Repeated tests
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were performed and once the measured times were within 1% of each other, the relative
viscosity was then calculated.
3.3 Results and Discussion
3.3.1 Two-step Synthesis of Amine Functionalized Cellulose Nanocrys-
tals
Cellulose nanocrystals have previously been functionalized with amine groups by different
research groups [9, 10]. However, in most of the studies, the amine content was found to
be relatively low. Thus it would be desirable to increase the amine content by improving
the synthesis protocol. In the synthesis method adopted by Dong et al. [10] and Mahmoud
et al. [156] the low amine content could be attributed to the alkaline hydrolysis of the
epoxide of epichlorohydrin [157] resulting in a lower grafting onto CNC. In the current
study, a two-step synthesis protocol was developed to increase and enhance the grafting
of amine functional groups onto CNC. In the first step, 2-hydroxy, 3-chloro propylamine
was produced by opening the epoxide of epichlorohydrin with ammonium hydroxide. This
reaction is highly explosive in a closed container and in order to prevent the risk of explosion
and maximize the reaction yield, a reflux system with cooling water was used. In the next
step, to minimize side reactions and undesirable hydrolytic reactions, we dispersed CNC in
DMSO and TBAH was added gradually to deprotonate the hydroxyl groups on the surface
of CNC. Finally, the dropwise addition of mixture 1 to 2 (Figure 3.1) resulted in the amine
functionalized CNC.
3.3.2 Effect of Reaction Parameters
In our attempt to optimize the reaction, different parameters were varied and their effect
was investigated. The amine content of the samples was determined by potentiometric
titration. Optmization was carried out by first changing the time of the reaction and
finding the optimum reaction time followed by optimizing the temperature. The optimized
reaction time and temperature were used to find the optimum molar ratio of reagents. As
shown in Figure 3.2a, the amine content of modified CNC increased with reaction time
and reached an optimum at 3 hours. However, prolonging the reaction time resulted in
a marginal reduction in amine content, and this could be attributed to the hydrolysis
of ether bond in alkaline condition [158, 159]. The optimum temperature for reacting
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Figure 3.1: Two-step amine functionalization of CNC.
mixture 1 and 2 was found to be 50 ◦C (Figure 3.2b). The reduction in amine content at
high temperature could be due to the enhanced hydrolysis of ether bonds in amine CNC
under alkaline condition [160]. As shown in Figure 3.2c, the amine content of modified
CNC increased with the molar ratio of TBAH to AGU due to the favorable activation of
hydroxyl groups in the presence of TBAH. Figure 3.2d shows the effect of the EPH-to-
CNC molar ratio on the amine content of CNC. At higher EPH content in the reaction
system, a larger amounts of HCPA was available at the surface of the CNC (near the
glucose molecules), therefore, favoring the etherification reaction [161]. However, beyond
a critical EPH content, the amine content of modified CNC was found to decrease, and
the optimum EPH to CNC molar ratio was found to be 3:1. In step 1 of the protocol, the
amount of NH4OH was also increased in proportion to EPH so as to maintain a constant
molar ratio of epoxy to ammonium groups. This has led to a larger proportion of water
in both reaction mixtures 1 and 2, which could have enhanced the undesirable hydrolytic
reaction resulting in the reduction in the amine content above the EPH/CNC molar ratio
of 3.5 [157]. Under refluxing in the first step, we were able to increase the total amine
content from 0.45 to 2.2 mmol/g.
3.3.3 Purification
EPH has been used in the preparation of various kinds of polymers [162, 163] and hence
we anticipated the possibility of side reactions forming polyfunctional amines that may
necessitate additional purification of the reaction products. Initially, we purified the sam-
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Figure 3.2: Optimization of amine-CNC synthesis by varying different reaction parameters
(a) time, (b) temperature, (c) TBAH/AGU ratio, and (d) EPH/CNC ratio.
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ple using a dialysis tube (MW cut off: 12,000 Da) against D.I. water. The dialysis was
performed for more than a week until the conductivity of the dialysis medium remained
constant. This purified sample was designated as CNC-NH2(T), which we believed con-
tained amine functionalized CNC (CNC-NH2(P)) and polyfunctional amines (POLY-NH2).
In order to separate CNC-NH2(P) from POLY-NH2, the reaction mixture was subjected
to centrifugation. First, the pH of CNC-NH2(T) dispersion was adjusted to 3 to promote
electrostatic interactions between positively charged amine groups and negatively charged
sulfate ester groups on the surface of CNC, which induced the aggregation of the CNC
nanoparticles. Next, centrifugation was performed at 10,000 rpm for 1 h. The supernatant
was decanted and the sediment was redispersed in basic pH condition, and this step was
repeated a second time. The sediment containing predominantly CNC-NH2(P) dispersion
was recovered and used in subsequent studies. Depending on the desired application either
CNC-NH2(T) with high amine content or CNC-NH2(P) could be used.
3.3.4 Potentiometric Titration
The amine content of unmodified CNC, CNC-NH2(T), CNC-NH2(P) and POLY-NH2 was
determined by potentiometric and conductometric titrations and the results are shown in
Figure 3.3. The suspensions were first treated with excess HCl and then titrated with
0.1 M NaOH. The titration curve for CNC did not reveal the presence of amine groups
whereas the three samples after the modification reactions clearly showed the presence of
amine groups. The potentiometric plots of the modified samples displayed three regions,
namely (1) reaction of NaOH with excess HCl, (2) deprotonation of amine groups, and
(3) titration of excess NaOH. The region between the two equivalent lines corresponded to
the deprotonation of the amine groups. Based on Figure 3.3, the amine content of CNC-
NH2(T), CNC-NH2(P) and POLY-NH2 were determined to be 2.20, 0.62, 1.58 mmoles/g
respectively. The amine content of our CNC-NH2(P) has been noticeably enhanced com-
pared to the majority of previously reported values in the literature. The amine content of
CNC-NH2(T) is also comparable to the amine content obtained from the peptidic coupling
reaction which might be useful in applications in which direct grafting of amine groups to
CNC surface is not required [9].
3.3.5 Elemental Analysis
The elemental composition of unmodified CNC, CNC-NH2(T), CNC-NH2(P) and POLY-
NH2 was evaluated from elemental analyses. As seen in Table 3.1, unmodified CNC con-
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Figure 3.3: Potentiometric titration plots of (a) unmodified CNC, (b) CNC-NH2(P), (c)
POLY-NH2, and (d) CNC-NH2(T).
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tained no nitrogen, whereas the amine CNC samples revealed the presence of atomic nitro-
gen confirming the successful surface modification of CNC with amines. The presence of
atomic nitrogen in POLY-NH2 suggested the presence of polyfunctional amines. The sulfur
content of the amine CNC is lower than unmodified CNC, which is possibly attributed to
the hydrolysis of sulfate ester groups at high pH during the purification step [164]. The
degree of surface substitution (DS) was determined by the nitrogen content evaluated by
elemental analysis based on Eq. 3.1 and the approach reported in the literature [165, 166]:
DS =
162N%
1400− 108.56N% (3.1)
The DS of our CNC-NH2(P) and CNC-NH2(T) after reflux was calculated as 0.11
and 0.35, respectively. These results suggest that the amine functionalization protocol
reported in this study yielded amine content that is significantly higher than previous
reported studies Roman et al. 0.024 [10], Nielsen et al. 0.029 [153], and Pahimanolis et al.
0.02 [154].
Table 3.1: Elemental analysis of unmodified CNC, CNC-NH2(P), POLY-NH2, and CNC-
NH2(T)
Sample % C % H % N % S % O
Unmodified CNC 40.98 5.53 0.00 0.86 52.63
CNC-NH2(P) 18.85 2.99 0.90 0.59 76.66
POLY-NH2 4.16 0.86 1.42 0.43 93.13
CNC-NH2(T) 42.00 6.19 2.55 0.80 48.46
3.3.6 FT-IR
FT-IR spectra of unmodified CNC, CNC-NH2(T), CNC-NH2(P) and POLY-NH2 are shown
in Figure 3.4. The absence of characteristic peaks of the sample in the supernatant con-
firmed that no CNC was present in the supernatant. The new small absorption band in
Figure 3.4.b and d, at 1550 cm−1 corresponded to N-H bending bands, which could be an
indicator of surface functionalization with amine groups. The typical two weak bands for
N-H of primary amines not observed in the FT-IR spectra as they overlapped with the
strong O-H band in the region of 3500 cm−1 [9].
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Figure 3.4: FT-IR spectra of (a) unmodified CNC, (b) CNC-NH2(P), (c) POLY-NH2, and
(d) CNC-NH2(T).
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Figure 3.5: TEM images of (a) unmodified CNC, (b) CNC-NH2(T), and (c) CNC-NH2(P).
3.3.7 TEM
The TEM images of unmodified CNC, CNC-NH2(T), and CNC-NH2(P) are shown in Figure
3.5a, b and c respectively. As evident, surface functionalization did not alter the rod like
structure of the nanocrystals. However, slight agglomeration was observed after surface
amine functionalization due to the electrostatic interactions and drying process. Similar
results were observed previously [9]. Figure 3.5b and c reveal that there are much less
agglomerated polymer chains in CNC-NH2(P) than in CNC-NH2(T).
3.3.8 Zeta Potential Measurements
The zeta potential values of unmodified CNC, CNC-NH2(T) and CNC-NH2(P) at different
pH values are shown in Figure 3.6A. At all pH values, unmodified CNC possessed negative
zeta potentials. In acidic pH values, the negative charge is due to the presence of the
sulfate ester groups (OSO−3 ) arising from the sulfuric acid hydrolysis. At high pH values,
the negative OSO−3 groups were hydrolyzed, leading to less negative zeta potential [164].
The successful amine surface modification of CNC could be confirmed by zeta potential
measurements. As revealed by Figure 3.6 both CNC-NH2(T) and CNC-NH2(P) possessed
positive zeta potentials at low pH due to the protonation of the amine groups. The more
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positive zeta potential of CNC-NH2(T) could be due to the presence of more amine groups.
As the pH increased, the amine groups became deprotonated, and beyond a pH of 9, the
amine groups were completely deprotonated resulting in a negative zeta potential. In
addition, hydrolysis of the sulfate ester groups on the surface of CNC resulting in a less
negative zeta potential, occurred at pH greater than 10.
The surface functionalization of CNC with amine groups and the enhanced grafting of
amine groups by refluxing the reaction mixture was also proven indirectly by the zeta po-
tential measurements shown in Figure 3.6B. In this figure unmodified CNC, CNC-NH2(T)
before and after reflux displayed negative zeta potentials at pH 12 due to the presence of
sulfate ester groups. At low pH (pH 2), unmodified CNC was negatively charged whereas
CNC-NH2(T) possessed a substantial positive charge due to the presence of protonated
amine groups. The higher zeta potential value observed for CNC-NH2(T) after reflux il-
lustrates the possibility of the presence of higher amine content leading to a more positive
zeta potential value.
Figure 3.6: (A): Zeta potential values of unmodified CNC, CNC-NH2(T) and CNC-NH2(P)
at different pH values, (B): Comparison of zeta potential values of unmodified CNC, CNC-
NH2(T) before reflux and after reflux at low and high pH.
58
Figure 3.7: Relative viscosity of unmodified CNC and CNC-NH2(T) before reflux at low
and high pH.
3.3.9 Viscosity Measurements
The relative viscosity of unmodified CNC and CNC-NH2(T) at low and high pH was
measured (Figure 3.7). The higher relative viscosity at low pH for CNC-NH2(T) is due to
the formation of aggregates due to the electrostatic interaction between the positive charge
of the protonated amine groups and the negatively charged sulfate ester groups. At high
pH, the additional electrostatic interaction was removed due to the deprotonation of the
amine groups leading to a reduction in the relative viscosity as reported previously [154].
3.4 Conclusions
In this chapter, a simple protocol for functionalizing the surface of CNC with amine groups
is presented. The synthesis process was optimized by varying different parameters such as
time, temperature and reactant ratios, and refluxing of the reaction mixture enhanced the
grafting of amines onto CNC. The dialyzed final product contained amine functionalized
CNC and aminated polymers that were formed during the side reactions. Further purifi-
cation of the system was achieved through centrifugation. The sediment contained amine
groups directly grafted on the surface of CNC through amide bonds. Potentiometric titra-
tion and elemental analysis confirmed the presence of high amine content in our modified
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CNC samples. TEM microscopy showed similar structural properties of the nanocrystals
along with some minor aggregation. Zeta potential and relative viscosity measurements
also proved the presence of amine groups. The positive zeta potential values at low pH for
the amine CNC particles resulted in higher relative viscosity due to electrostatic interac-
tions. Both CNC-NH2(T) and CNC-NH2(P) can be further modified and used in different
applications.
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Chapter 4
Surface Modification and
Characterization of Cellulose
Nanocrystals with Chitosan
Oligosaccharide *
A novel drug delivery system based on two of the most abundant natural biopolymers was
developed by modifying the surface of oxidized cellulose nanocrystal (CNC) with chitosan
oligosaccharide (CSOS). First, the primary alcohol moieties of CNC were selectively oxi-
dized to carboxyl groups using the 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)
catalyst. The amino groups of CSOS were then reacted with carboxylic acid groups on ox-
idized CNC (CNC-OX) via the carbodiimide reaction using N-hydroxysuccinimide (NHS)
and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) as coupling agents. Success-
ful grafting of CSOS to CNC-OX was confirmed by infrared spectroscopy, solid state
13C
NMR, thermogravimetry, potentiometric titration, and zeta potential measurements. The
grafting resulted in a conversion of ∼ 90% carboxyl groups on CNC-OX and the degree of
substitution (DS) was 0.26.
*This chapter is adapted from a paper “S.P. Akhlaghi, R.C. Berry, and K.C. Tam, Surface Modification
of Cellulose Nanocrystal with Chitosan Oligosaccharide for Drug Delivery Applications, Cellulose, 2013,
20:1747-1764” and a patent “S.P. Akhlaghi, K.C. Tam and R.C. Berry, Surface Modified Nanocrystalline
Cellulose and Uses Thereof, US patent 55596984-9USPR.”
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4.1 Introduction
The potentials of materials derived from natural sources are being extensively investigated,
as they find many biomedical applications. The desire towards designing novel products
for various applications from renewable resources has led to increased research activity on
abundant, natural, biodegradable and biocompatible polymers over the last decade.
Cellulose fibre is the most abundant renewable material that contains amorphous and
crystalline domains. The acid hydrolysis of cellulose fibre disrupts its amorphous domains
and releases individual rod-like rigid crystallites called CNC. The treatment of native
cellulose with sulfuric acid introduces negative charges to its surface due to the formation
of sulfate ester groups [110]. Since the first discovery of CNC in 1949 by Ranby [95],
interest in this system has risen over the last decade because of its availability, mechanical
strength, high surface area and aspect ratio. CNC also possesses many benign properties,
such as non-toxicity, biocompatibility and biodegradability, which make it an excellent
candidate for pharmaceutical applications [5]. Large amounts of drugs can be bound to
the surface of CNC due to negative charges and its very large surface area. It also provides
the potential for high payloads and optimal control of dosage. Also, due to the presence of
numerous hydroxyl groups, the surface of CNC can be modified with different functional
groups that can be used to control the loading and release of drugs [6].
Chitosan (CS) is produced from partial deacetylation of chitin, the second most abun-
dant biopolymer in nature. Two marine crustaceans (shrimps and crabs) are the main
sources of chitin. CS is an amino polysaccharide that possesses positive charges in acidic
media due to the protonation of its amino groups. CS possesses many interesting charac-
teristics such as non-toxicity, biocompatibility and biodegradability. The positive charges
on CS resulting from the presence of several amino groups allow the binding of different
anionic drugs or polymeric systems. Thus, CS has a great potential for delivering drugs
and allows the manipulation of their release profiles. In pharmaceutics, CS has been widely
used as a coating material, disintegrant, tablet binder and a vehicle for peptide and gene
delivery. In addition, CS has antimicrobial, hemostatic, wound healing, and mucoadhesive
properties [89]. Due to its bioadhesive properties, it is known to increase the absorption
of drugs from the mucosal membranes by increasing the residence time in the mucous
and enhancing the permeability of drugs [167]. Despite the attractive functional prop-
erties of CS suitable for many uses, there are some problems associated with its in-vivo
applications such as, high viscosity, high molecular weight, large aggregation formation
and low solubility at physiological pHs (7.2-7.4) [15]. To overcome the solubility prob-
lems, CS was modified to produce water-soluble analogues, such as PEGylated chitosan
and glycol chitosan [168, 169]. Another approach to address the solubility issues of CS
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is the utilization of low molecular weight CS, known as chitosan oligosaccharides (CSOS)
[16]. One additional problem of CS in drug delivery is its limitations in the controlled
release of encapsulated active ingredients due to its hydrophilic nature and its solubility in
acidic medium. In order to improve drug delivery properties of CS, several modifications
were studied, such as covalent attachment of polymeric chains to CS. These modifications
change the physicochemical properties and make it more suitable for drug delivery [78].
Several systems have been established based on chitosan and cellulose derivatives for
various applications. Films of chitosan and cellulose blends were prepared using tri-
fluoroacetic acid [170, 171, 172] or N-methylmorpholine-N-oxide (NMMO) [173] as co-
solvents. Most of these systems can be used as antimicrobial agents [174], in wound
dressings [172, 175] or in electro-active papers [170]. Cellulose derivatives, such as car-
boxymethyl cellulose have been used together with chitosan to yield polyelectrolyte com-
plexes (PEC) [176] or self assembled nanoparticles [177]. Composites of bacterial cellulose
and chitosan have also been developed for medical applications [178]. Modified chitosans
such as O-carboxymethylated chitosan [179] or quaternary ammonium derivative of chi-
tosan oligosaccharide [174] have also been used in combination with cellulose. Micropar-
ticulate chitosan controlled release systems for buccal drug delivery using hydrophobic
cellulosic polymers such as, cellulose acetate butyrate (CAB) or ethyl cellulose (EC) and
hydrophilic chitosan microcores have also been produced [180].
However, there are limited studies on systems consisting of CNC and CS. Fernandes and
coworkers made transparent nanocomposite films of nanofibrillated cellulose and chitosan
by solution casting [181]. In another study, researchers used layer-by-layer (LBL) technique
to create nanocomposite films of CNC and CS based on hydrogen bonds and electrostatic
interactions. These biodegradable films have potential applications in biomedical sciences
and food packaging [182]. The same group of researchers formed bio-based nanocomposites
through covalent linkage of CS to CNC by producing reactive end groups on the surface of
CNC with methyl adipoyl chloride (MAC) and reacting it with primary amino groups on
CS [183]. In another study, Wang and coworkers studied the formation of polyelectrolyte
macroion complex (PMC) between CNC and CS for oral drug delivery purposes. The
particles were formed by electrostatic interactions due to the strong mismatch between
the opposite charges of CNC and CS [184]. Researchers have previously used peptidic
coupling reaction to form amide bonds between the carboxylic groups on oxidized CNC
and different amine bearing compounds. Grafting compounds on CNC by an amide bond,
provides greater stability against chemical conditions and heating [118, 127].
Due to the beneficial properties of CNC and CS, we embarked on a study to develop
a novel, biocompatible, biodegradable and nontoxic system for the delivery of active com-
pounds using peptidic coupling reaction. To the best of our knowledge, no attempts have
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been made in exploiting the combined advantages of modifying the surface of CNC with
CSOS for potential biomedical applications. CNC-CSOS particles could not only act as
a carrier for active compounds, but also possess biological properties of CS, such as an-
tibacterial, hemostatic and wound healing properties. This system can have potential
applications, such as buccal drug delivery and addressing oral cavity problems. In our
study, by using CSOS, the insolubility problem of CS at physiological pH is addressed with
the additional benefit of increased antibacterial properties.
4.2 Experimental Section
4.2.1 Materials
A freeze-dried CNC sample was supplied by FPInnovations. Chitosan oligosaccharide
(average Mn 5000 Da, DD ∼75%) was purchased from Sigma-Aldrich. For TEMPO-
mediated oxidation, the following chemicals were purchased from Sigma-Aldrich: TEMPO
(98%), sodium hypochlorite (NaOCl) (reagent grade, 10-15% available chlorine) solution,
sodium bromide (NaBr) (99.0%), NaOH (1 N) standard solution, HCl (1 N) standard
solution, and methanol. For the amide coupling reaction, crosslinkers EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide, commercial grade) and NHS (N-hydroxysuccinimide,
98%+) were purchased from Fluka and Acros Organics, respectively. As received MES
(2-(N-morpholino) ethanesulfonic acid, >99%) purchased from Sigma was used as buffer
for the EDC crosslinking reaction. Millipore de-ionized (D.I.) water was used for all ex-
periments and sample preparations.
4.2.2 TEMPO Mediated Oxidation of CNC
In order to modify CNC with CSOS, the surface hydroxyl groups of CNC was initially oxi-
dized to carboxyl groups using NaClO assisted by 2,2,6,6,-tetramethyl-1-(pyperidinyloxy)
radical (TEMPO). TEMPO is a stable and water-soluble nitroxyl radical and due to its
steric hindrance, it can only oxidize the primary hydroxyl groups on CNC to convert them
to carboxylic acids [128].
In order to disrupt the CNC bundles and obtain a homogenous dispersion, CNC (1.3 g,
8.02 mmol glycosyl units) was dispersed in D.I. water (100 mL) and sonicated in a Branson
1510 sonicator (Branson Ultrasonic Corporation, USA) for 10 min. Then, TEMPO (20
mg, 0.128 mmol) and NaBr (400 mg, 3.880 mmol) were added to the CNC suspension and
64
stirred for 30 min at room temperature. The pH of the solution was 5.8, and adjusted to
10 by adding 0.5 M NaOH. The oxidation was initiated by slowly adding NaClO 13% (9.8
mL, 17.1 mmol) over 30 min under gentle agitation. The pH was kept constant at 10, by
the continuous addition of 0.5 M NaOH. The reaction was known to be complete when
no additional reduction in pH was observed, which was determined to be approximately
4 hours. Once the reaction was complete, excess oxidant was quenched using methanol
(10 mL) and the pH was adjusted to 7 using 0.5 M HCl. In order to purify the oxidized
nanocrystals, the solution was dialyzed against distilled water using a dialysis tube (MW
cut off: 12,000 Da) for at least 48 h [118].
4.2.3 Potentiometric Titration
Potentiometric titration was used to determine the composition of functional groups on
the samples. From the titration curves, the carboxylic acid group densities of CNC, CNC-
OX and CNC-CSOS and amino group content of CSOS and CNC-CSOS were determined. A
Metrohm 809 Titando autotitrator was used for simultaneous measurement of conductivity
and pH. The titrator is equipped with a Tiamo software that doses µL of titrants. All
measurements were performed in triplicate in a closed jacketed vessel at 25 ◦C while stirring
at a medium rate. 50 mL of 0.1 wt% samples were prepared in 5 mM NaCl. The pH of
the suspension was adjusted to ∼3 by adding 0.5 M HCl. The suspensions were titrated
using 0.01 M NaOH under a nitrogen blanket and stirring. The conductivity and pH of
the suspensions were measured simultaneously until the pH of the samples approached 11.
Finally, the pH and conductivity values were plotted against the volume of NaOH (in mL),
which were used to determine the composition of the functional groups [185].
4.2.4 Degree of Oxidation (DO)
The degree of oxidation (DO) is the number of primary hydroxyl groups that have been
oxidized to carboxyl groups per anhydrous glucose unit (AGU) [164]. Using the information
from the potentiometric titration curves, the DO of CNC-OX was calculated from Eq. 4.1
[124]:
DO =
162× (V2 − V1)× c
w − 36× (V2 − V1)× c (4.1)
where, V1 and V2 are the amount of NaOH (in L), c is the NaOH concentration (mol/L),
and w is the weight of the oven dried sample (g). Values of 162 and 36 correspond to
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the molar mass of AGU and the weight difference between AGU and its sodium salt,
respectively [126].
4.2.5 Grafting of Chitosan Oligosaccharide on CNC
Grafting of CSOS onto CNC-OX was performed according to a method by Bulpitt and
Aeschlimann [186] with some modification. Briefly, CNC-OX (0.2 g, 0.32 mmol COOH)
was dissolved in 50 mL D.I. water. A 50 mL solution containing EDC (0.19 g, 1 mmol)
and NHS (0.11 g, 1 mmol) was added to the CNC-OX suspension and stirred for 15 min.
Another solution containing CSOS (0.36 g, 1.3 mmol NH2) was dissolved in 100 mL D.I.
water and then added to the first solution resulting in a 200 mL reaction volume. MES
buffer (1.95 g, 0.05 M) was added to the reaction medium and the pH was adjusted to
5 using 1 M NaOH or HCl. The reaction was stirred for 24 h at room temperature and
purified using a dialysis tube (Mw cut off: 12,000 Da) against D.I. water for 4 days until
the conductivity of the dialysis medium remained constant [164].
4.2.6 Degree of substitution (DS)
The degree of substitution of CSOS on CNC-OX is defined as the number of amino groups
grafted per 100 glucose units of CNC-OX and was determined by calculating the amounts
of amino groups using potentiometric titration and considering the increased weight of
CNC-CSOS compared to the CNC-OX based on Eq. 4.2:
DS =
Moles of COOH consumed
Total moles of COOH
×DO× 100 (4.2)
4.2.7 Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectra of the dried KBr pellets of CNC, CNC-OX, CSOS, and CNC-CSOS were
obtained with a Bruker Tensor 27 spectrometer using a resolution of 4 cm−1 and acquiring
32 scans from 400 to 4000 cm−1. In order to prevent the superposition of carbonyl band with
the water peak, the samples were first acidified to pH=2 and then freeze dried [127]. KBr
pellets were prepared by grinding approximately 2% of the samples in KBr and compressed
into a pellet. In order to remove moisture, the pellets were dried in a vacuum oven prior to
the measurements. The FT-IR spectra were monitored and analyzed using OPUS software.
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4.2.8 Solid-state NMR
NMR experiments were performed with a Bruker Avance DSX 500 MHz spectrometer
operating at 125.76 MHz for 13C, using the combination of cross-polarization, high-power
proton decoupling and magic angle spinning (CP/MAS) methods. The spinning speed was
set at 4700 Hz for CNC and CNC-OX and 5600 Hz for CNC-CSOS. The
1H radio frequency
field strength was set to give a 90◦ pulse duration at 4.5 s. The 13C radio frequency field
strength was obtained by matching the Hartman-Hahn conditions at 60 kHz. 15360, 10240
and 15000 transients were recorded for CNC, CNC-OX and CNC-CSOS, respectively with
a contact time of 2 ms and a recycle delay of 5 s. The acquisition time was set at 102 ms
and the sweep width at 40000 Hz.
4.2.9 Thermogravimetric Analysis (TGA)
Thermogravimetric analyses were performed using a TGA Q500 of TA Instruments (Lukens
Drive, Delaware, USA). TGA balance was calibrated and the freeze-dried samples were
analyzed in platinum pans under dry nitrogen purge at a flow rate of 50 mL/min from
ambient temperature to 800 ◦C at 10 ◦C/min. The experimental conditions for data
acquisition and analysis were performed using the Universal Analysis 2000 V4.5A software
(TA Instruments).
4.2.10 Zeta Potential Measurements
Zeta Potential measurements for samples at different pH values were measured using the Ze-
taPALS Analyzer (Brookhaven Instruments Corp., USA). The concentration of the samples
was maintained at ∼0.1 wt% and the experiments were conducted at 25 ◦C. The reported
values are an average of 5 measurements.
4.2.11 Transmission Electron Microscopy (TEM)
TEM images of CNC, CNC-OX and CNC-CS were recorded using a Philips CM10 TEM
with 60 keV acceleration voltages. Approximately 10 µL of 0.01 wt% aqueous suspensions
of the samples were deposited on a carbon-formvar film on 200 mesh copper grids. In
order to minimize possible agglomeration of the particles, excess solvent was removed from
the grids placed on top of a filter paper. Then the grids were allowed to dry overnight.
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In order to increase the contrast of the image and improve the resolution, the grids were
subsequently negatively stained with a 2% uranyl acetate solution.
4.2.12 Atomic Force Microscopy (AFM)
The surfaces of CNC, CNC-OX and CNC-CSOS were investigated using a Bruker Dimension
Icon AFM in air. To prepare the AFM samples, 20 µL of samples with a concentration of
0.1 mg/mL and an acidic pH (pH=4) was injected onto a freshly cleaved mica surface and
incubated for 5 min to allow the particles to adhere to the surface. It was then washed 3
times with D.I. water. The extra moisture on the surface was removed using a tissue paper.
The sample plate was then covered with Petri dish to avoid possible contamination and
left to dry overnight. PeakForce QNM (Quantitative Nanomechanical Property Mapping)
mode was used to scan the sample with a silicon tip on nitride lever (ScanAsyst-Air,
Bruker) with a radius of 2 nm. The scan rate was set to 0.9 Hz.
4.2.13 Light Scattering
The microstructures of the samples were examined by a Brookhaven Laser Light Scattering
system. The system has a BI200SMv2 goniometer, BI-9000AT digital correlator. A 636
nm vertically polarized helium-neon diode laser was used as the light source. For dynamic
light scattering (DLS), the temporal intensity fluctuations for the samples were measured
at 60◦, 75◦, 90◦, 105◦, 120◦, 135◦, and 150◦. The data from the detector was transferred
to the GENDIST (General Distribution) software package to perform the inverse Laplace
transform technique to obtain the distribution of decay times, τ . GENDIST uses the
regularized positive exponential sum (REPES) algorithm. The probability of reject was
set to 0.5. This decay rate Γ (1/τ) is related to the translational diffusion coefficient D
and the wave factor (vector), q according to Γ=Dq2, where q =(4pin/λ)sin(θ/2). Using the
Stokes-Einstein equation, the hydrodynamic radius (Rh) was calculated.
For static light scattering (SLS), the time-averaged intensity of scattered light from
CNC-CSOS was measured at different scattering angles ranging from 60
◦ to 110◦ in 5◦
intervals. The radius of gyration (Rg) can be determined by plotting I(q) versus q
2 using
Berry plot.
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4.3 Results and Discussion
4.3.1 TEMPO Mediated Oxidation of CNC
After 1 h of performing the TEMPO mediated oxidation of CNC to CNC-OX with the
structure of β − 1, 4−linked polyglucuronic acid sodium salt (cellouronic acid Na salt),
the solution became clear. The cellulose molecules are packed in a crystalline unit cell in
a manner where only half of the primary hydroxyl groups (hydroxymethyl) are extended
out of the crystalline structure, which are then accessible for oxidation [125]. This is
because some cellulose nanocrystals form aggregates due to defects such as twists, kinks
and chain ends. The regioselective oxidation of hydroxyl groups on the surface of CNC
to carboxylic acid is due to half of the cellulose chains on the surface being buried inside
the crystalline domains of the nanocrystals whereas the other half on the exterior of the
aggregates are available for oxidation. The 1-oxopiperidinium ions on the surface of CNC
are accessible for oxidation [125]. The introduction of carboxylic acid groups on the surface
of CNC without changing its crystalline structure provides a unique platform for further
modification on CNC. By further manipulating these functional groups, one can create
various novel compounds. The conversion of primary hydroxyl groups to carboxylic acids
is known to be pH dependent. The pH of the reaction medium also affects the oxidation
time, and a pH of 10 was shown to result in the shortest oxidation time [126]. At acidic pH
values the secondary hydroxyl group might be oxidized [122] whereas, at pH values higher
than 10, the cellulose could be degraded by β-elimination that decreases the molecular
weight of the resulting cellulose fibers [127].
4.3.2 Potentiometric Titration
4.3.2.1 Determination of Carboxylic Acid Group Density
The density of the COOH moiety on CNC and CNC-OX was determined by potentio-
metric titration measurements and the titration curves are shown in Figure 4.1a and b,
respectively. The suspensions were first treated with an excess of HCl to replace the sodium
counter ions with protons. The acidified suspensions were then titrated with 0.01 M NaOH
[164]. The titration curve for CNC-OX displays three regions, namely (i) excess HCl, (ii)
carboxylic acid on the CNC-OX, and (iii) excess NaOH. The area between the two equiva-
lent lines corresponds to the neutralization of the weak acid (COOH). However, according
to Figure 4.1a, for CNC there was no weak acid detected and only strong acid and strong
base were present. Based on Figure 4.1b, the COOH content of CNC-OX was determined
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Figure 4.1: pH and conductivity titration curves of 0.1 wt% (a) CNC and (b) CNC-OX.
to be 1.63 mmoles of COOH/g of sample, determined from three consecutive measurements
yielding an average value.
4.3.2.2 Degree of Oxidation (DO)
The degree of oxidation for CNC-OX was calculated to be 0.28. The calculated DO was
reproducible and was in agreement with the results published in the literature [164]. The
DO depends on the molar ratio of NaClO to AGU, and the optimum value depends on
crystal size and the corresponding primary hydroxyl groups accessible to the reactants
[125].
4.3.2.3 Determining Amino Group Density
Potentiometric titration was used to determine the moles of amino group on CSOS that
reacted with CNC-OX. As shown in Figure 4.2, the titration curve for CSOS displayed
three regions. The neutralization of excess HCl along with the lower mobility and molar
conductivity of Na+ with respect to H+ resulted in the initial linear decrease in the conduc-
tivity. At the first equivalence point the rate of reduction in the conductivity decreased.
The amines of CSOS were deprotonated between the two equivalence points. With further
addition of NaOH, the second equivalence point signaled the onset of excess amounts of
70
Figure 4.2: pH and conductivity titration curve of 0.1 wt% CSOS.
Na+ and OH− titrated to the solution. The amino groups of CSOS were calculated to
be 3.62 mmoles of NH2/g of CSOS based on Figure 4.2, and the 100% acetylated chitin
possesses 5 mmol/g of nitrogen [75]. Since the degree of deacetylation of our CSOS was
around 75%, the density of primary amine groups calculated is reasonable.
4.3.3 Grafting of Chitosan Oligosaccharide on CNC
CNC-CSOS was synthesized via the carbodiimide coupling reaction also known as peptidic
coupling reaction (Figure 4.3). This reaction involves the formation of an amide bond
between amino groups of CSOS and carboxyl groups on CNC-OX in the presence of EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) an effective amidation reagent and NHS
(N-hydroxysuccinimide), an esterification reagent in MES (2-(N-morpholino)ethanesulfonic
acid) buffer. EDC is a water-soluble carbodiimide and forms amide bonds without a spacer
molecule, hence it is known as a “zero-length” crosslinker [187]. EDC reacts with the car-
boxyl groups of CNC-OX forming an amine-reactive ester (O-acylisourea) intermediate.
This active ester may further form an amide bond by reacting with primary amino group
on CSOS. However, this intermediate is susceptible to hydrolysis and thus, has a short
lifetime in aqueous solutions. The addition of NHS stabilizes the amine-reactive inter-
mediate by converting it into an amine-reactive NHS-ester. This increases the efficiency
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of the EDC mediated coupling reaction. The purification of the sample was performed
by dialysis against water, where unreacted CSOS, EDC and by-product (isourea) were re-
moved. Different parameters such as, reaction medium, reaction time, pH and molar ratios
between reagents and crosslinker could be changed, resulting in variations of grafting be-
haviors [187]. In order to minimize the hydrolysis of EDC, crosslinking was conducted in
0.05 M MES buffer at pH 5. The choice of pH is important when using EDC as it affects
the coupling efficiency of EDC to COOH groups. However, if the objective is to have
well-dispersed particles and fully solubilized reagents, the pH should be chosen to satisfy
these conditions. The commonly reported optimal pH range for EDC is 4-6 [188]. In our
approach, we adjusted the pH to 5, where EDC is not only at its optimal pH range but also
CSOS is fully soluble. Different ratios of COOH, NH2, EDC and NHS have been reported
in the literature. In this study, the ratios used were as follows: (COOH, 1 mmol):(NH2,
4 mmol):(EDC, 3 mmol):(NHS, 3 mmol). The reason for choosing a 4:1 molar ratio of
NH2 on CSOS COOH on CNC-OX was to ensure that all the possible carboxyl groups had
sufficient amino groups for the grafting reaction [164], and the unreacted CSOS could be
removed by dialysis. The choice of a 1:1 molar ratio of EDC to NHS was based on the
work of Sam and co-workers who found that the optimum coupling reaction was obtained
with [EDC]=[NHS]=5 mM [189].
4.3.4 Determination of Amino Group Density
The amino groups on CNC-CSOS were calculated to be 1.60 mmoles of NH2/g of CNC-CSOS
based on the analysis of Figure 4.4. By comparing the amino groups on CSOS (3.62
mmol/g), it could be concluded that 44.2% of amino groups on CSOS have either reacted
with the COOH groups on CNC-OX or have been removed during dialysis. Due to the sim-
ilarities and overlap in the titration regions of COOH and NH2, unreacted COOH was not
detectable. However, based on the stoichiometric reaction of COOH and NH2, the amount
of COOH moieties substituted with CSOS can be calculated based on the consumption of
NH2. The amounts of COOH consumed during the surface modification were determined
from the differences between the experimentally determined moles of NH2 in CSOS added
and CNC-CSOS recovered.
4.3.5 Degree of Substitution (DS)
The reaction between COOH groups of CNC-OX and NH2 of CSOS was confirmed by
comparing the values of DS and DO. In the preparation of CNC-CSOS, we added 0.20 g
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Figure 4.3: Mechanism of carbodiimide coupling reaction.
Figure 4.4: pH and conductivity titration curve of 0.1 wt% CNC-CSOS.
73
(0.32 mmoles of COOH) of CNC-OX and 0.36 g (1.29 mmoles of NH2) of CSOS. After
the reaction and dialysis, 0.51 g solid was recovered. We calculated the amino groups on
CNC-CSOS to be 1.60 mmoles of NH2/g (0.81 mmoles of NH2). By subtracting the detected
NH2 from the primary amine groups added to the reaction medium, we concluded that 0.48
mmoles of NH2 have either reacted with COOH or been removed during dialysis. Based
on the weight loss after dialysis, we assumed that 0.05 g (0.18 mmoles of NH2) of CSOS
was removed, thus 0.30 mmoles of NH2 and COOH have reacted. Hence, 0.02 mmoles of
COOH remained, which is equal to a DO of 1.75. Thus, the degree of substitution was
calculated to be 0.26. Similar degrees of substitution have been reported in the literature
[190]. Since the DO was determined to be 0.28, we concluded that most of the COOHs
on CNC-OX have been substituted by CSOS via the formation of amide bonds. The DO
of 0.28 means that 28% of the hydroxyl methyl groups on CNC have been oxidized to
the corresponding carboxylic acid groups and are thus susceptible for subsequent grafting
reactions. Therefore, the maximum grafting density corresponds to the condition where
approximately one out of every three and a half anhydroglucose units in CNC contained
a grafted CSOS segment. Since the molar ratio of NH2 in CSOS was 4 times greater than
COOH on CNC-OX, this result was not unexpected and similar results have been reported
previously [191]. Also, small hydrophilic amino groups (CSOS) are known to display higher
degrees of substitution due to a lower steric hindrance [127]. It should be noted that the
measurement of degree of substitution by conductometry, which is based on the reduction
in the number of amino groups after reacting with carboxyl groups is an indirect proof of
grafting [164]. Therefore, to further confirm the covalent nature of the grafting, FT-IR
spectroscopy was used.
4.3.6 Fourier Transform Infrared (FT-IR) Spectroscopy
The FT-IR spectra of CNC, CNC-OX, CSOS and CNC-CSOS are shown in Figure 4.5. In
the spectrum of CNC (Figure 4.5 curve a), the broad band between 3600 and 3000 cm−1
is attributed to O-H stretching vibration [170]. The stretching vibrations of aliphatic C-H
and bending vibrations of CH2 are related to the bands between 3000 and 2800 cm
−1 and
1500 and 1250 cm−1, respectively. The peaks at 1160 cm−1 and 1070 cm−1 are attributed
to the saccharide structure [182]. The bands in the finger-print region are due to the C-O
bonds in the glucose ring and the asymmetrical C-O-C stretching vibration that yielded
a sharp and steep band at 1070 cm−1 [184]. Finally, the O-H out-of-plane vibrations
appeared between 800 and 450 cm−1. The spectrum of CNC-OX (Figure 4.5 curve b)
is similar to CNC. When the hydroxyl group on C6 was selectively oxidized to carboxyl
group, some changes occurred in the FT-IR spectrum. Most importantly, a strong C=O
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band appeared at 1730 cm−1 which is characteristic of the carboxyl group in their acid form.
The appearance of this peak validated the oxidation process [164], which is shown by the
dash line in Figure 4.5. Due to the similarities in the chemical structures of cellulose
and chitosan, the FT-IR spectra of CNC and CSOS are similar, which was previously
reported in the literature [182]. CSOS FT-IR spectrum (Figure 4.5 curve c) shows a broad
band between 3450 and 3200 cm−1, which is due to O-H and N-H stretching vibrations.
The C-H stretching peaks were observed between 3000 and 2800 cm−1, and the spectrum
showed some additional peaks between 1700 and 1500 cm−1. In CSOS FT-IR spectrum
the C=O stretching vibrations of the acetyl groups (amide I bands) appeared around 1640
cm−1. Peaks at 1506 and 1616 cm−1 represent NH+3 . However in our results, these peaks
were not clearly observed and they were overwhelmed by stronger peaks from the amide-I
and amide-II at 1620 and 1510 cm−1, respectively. Similar to CNC, the C-O stretching
vibrations of the saccharide ring were observed at 1070 and 1030 cm−1. The CH3 and the
CH2 groups of the N-acetylglucosamine residue can be observed at 1375 and 1450 cm
−1,
respectively. The spectrum of CNC-CSOS is shown in Figure 4.5, curve d. As expected, the
spectrum is identical to those of CNC and CSOS and shows characteristic bands of both
materials. However, some changes were apparent in the grafted compound as indicated by
the arrow. In the grafted compound, the peak corresponding to C=O group at 1730 cm−1
has significantly reduced in comparison with CNC-OX which reveals the consumption of
most of the carboxyl groups in the reaction with amines. Due to the formation of new
amide bonds, the C=O group shifted to lower frequencies and were buried under the water
peak. It should be noted that since some C=O groups are found on the acetyl groups
of CSOS chains, this peak was not significantly reduced. The saccharide, C-H stretching
bands and N-H bending bands were evident, where the bands observed at 1647, 1555 and
1375 cm−1 corresponds to the amide-I, amide-II and amide-III, respectively. The peak
around 1650 cm−1 can be attributed to either residual water or amide-I absorption, thus
the amide-I peak overlapped with the water absorption peak. However, when this peak was
compared to CNC-OX, it displayed a significant increase that can be partly related to the
formation of amide bond. Moreover, the small new peak shown by the arrow at 1555 cm−1
represents the N-H stretching of amide-II [164]. The N-H bending vibration of the amide
group in CNC-CSOS resulted in a weak peak on the right of the carbonyl group of around
1640-1150 cm−1. The new peaks shown by the arrow observed at 1231 and 1465 cm−1
could be related to this peak. The displacement of this peak to lower frequencies indicated
the successful grafting of CSOS onto CNC. It is important to note that the characteristic
bonds of CSOS are amide bands I and II that appeared at 1620 cm
−1 and 1510 cm−1,
respectively. After the formation of amide bonds, the new amide bands shifted to higher
frequencies [50]. Therefore, the new peak observed at 1696 cm−1 is an indicator of the new
amide bonds. Despite the fact that NH+3 cannot be clearly observed in CNC-CSOS due to
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Figure 4.5: FT-IR spectra of (a) CNC, (b) CNC-OX, (c) CSOS, and (d) CNC-CSOS.
overlapping with amide peaks, the reduction in the peak at 1510 cm−1 compared with CSOS
was related to the decrease in NH+3 on CNC-CSOS, which suggested that most of the NH2
groups underwent amidation reaction with CNC-OX. Apart from the formation of amide
bonds between CNC-OX and CSOS, other interactions can also occur. The broad band
between 3600 and 3250 cm−1 is due to the overlapping N-H and O-H stretching vibrations.
Compared to the starting materials, this broad band was slightly shifted to the left due
the hydrogen bonding between amino groups of CSOS and hydroxyl and carboxyl groups
of CNC-OX and ionic interactions between the sulfate groups on CNC-OX and the NH+3
groups on CSOS. Moreover, because of the interactions between CSOS segments, the O-H
band in CSOS spectrum is broader than the O-H band in CNC-CSOS due the interactions
between CNC and CSOS, such as hydrogen bonding and amide formation [54].
4.3.7 Solid-state NMR
The 13C NMR spectra of CNC and oxidized CNC have been previously reported in the
literature and the signals have been assigned [164]. 13C NMR spectra of samples are shown
in Figure 4.6. The NMR spectrum of CNC-OX displays a small peak at 175 ppm, which is
due to the carbonyl group of the carboxylic acids. The significant reduction of the carbonyl
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Figure 4.6: 13C solid-state NMR spectra of (a) CNC, (b) CNC-OX, and (c) CNC-CSOS.
peak in the spectra of CNC-CSOS proves the grafting of CSOS on CNC-OX and formation
of amide bonds and is consistent with other techniques.
4.3.8 Thermogravimetric Analysis (TGA)
The thermal decomposition and thermal stability of CNC, CNC-OX, CSOS and CNC-CSOS
were investigated using the TGA. TGA analysis of the starting materials and modified
CNCs showed significant changes in the thermal profiles. Figure 4.7a and b show the ther-
mogravimetric curves of the samples. All samples displayed a three-stage weight loss. The
small weight loss at the low temperature range is due to the evaporation of absorbed water,
whereas the two other weight losses are due to pyrolysis of hydrocarbon chains [192]. The
77
dehydration and depolymerization of the samples produced the first dominant transition of
the flammable and volatile degradation products. The oxidation of charred residues yielded
the second transition [193, 194]. In CNC-OX the main decomposition temperatures were
shifted to lower temperatures due to the decarbonation of anhydroglucoronic acid groups.
As shown in Figure 4.7, the pyrolysis of CNC displayed a two-step degradation, which
can be attributed to trace amounts of sulfuric acid in the CNC causing a reduction in
the degradation temperature of CNC. The first stage corresponds to the primary pyrolysis
of CNC catalyzed by sulfate groups, and the second stage is related to the slow charring
process of the solid residue. It is reported that during char decomposition of celluloses, the
char residue ignites and undergoes a self-sustained exothermic process termed the region
of glowing combustion. This two step pyrolysis of CNC is similar to the thermal de-
composition of spherical cellulose nanocrystals with sulfate groups [194]. Sulfuric acid is a
dehydration catalyst and facilitates the formation of char. Comparison of the residual mass
of the samples revealed that the pyrolysis of CNC leads to the highest amount of residual
mass (19.87 wt%) which is mainly due to the formation of levoglucosan [195]. However,
the pyrolysis of CNC-CSOS produced the minimum amount of residual mass with 7.9 wt%
char residue at 800 ◦C. The initial decomposition temperature (IDT) and decomposition
temperature at 50% weight loss (T50) are indicatives of thermal stability. CNC-CSOS pos-
sessed a higher thermal stability than its precursors CNC-OX and CSOS. It decomposed
at a higher temperature that can be attributed to the formation of new covalent bonds
in this material. Due to the similarities in the structure of CNC-OX and CSOS, the de-
composition temperature of these biopolymers were fairly similar, 300.4 ◦C and 278.2 ◦C,
respectively. Therefore, it is difficult to measure the amount of grafting via TGA analyses.
However, the fact that the first thermal degradation of CSOS was not present in CNC-CSOS
together with the difference in the thermal behavior of these compounds, confirmed the
successful grafting of CSOS onto CNC. The high melting temperature of CNC benefits the
thermal transition properties of covalently attached polymers on them and increases the
overall thermal stability of their composites [64]. However, in a physical blend of CSOS
and cellulose, Kim and coworkers reported a reduction in the decomposition temperature
with increasing CSOS content. They concluded that blending CNC with CSOS weakens the
intra-and intermolecular bonds and causes them to decompose more easily [170].
4.3.9 Zeta Potential Measurements
The zeta potential values of the four samples at different pHs are shown in Figure 4.8,
where CNC and CNC-OX displayed identical trends. Also, CSOS and CNC-CSOS showed
a similar trend with slightly different zeta potential values. Figure 4.8 shows that at all
78
Figure 4.7: (a) Thermogravimetric and (b) differential gravimetric curves of samples.
pH values, CNC and CNC-OX possessed a large negative charge. In acidic pH values,
the negative charge on both samples is due to the presence of the sulfate ester groups
(OSO−3 ) after sulfuric acid hydrolysis. The zeta potential of a stable suspension of CNC
was reported to be equal or larger than -27 mV [182]. By increasing the pH, the ionization
of acid groups increases the net value of the zeta potential resulting in more negative
charges. Due to the presence of more carboxylic acid groups on the surface of CNC-OX,
the net surface charge of CNC-OX was more negative. Azzam and coworkers reported a
reduction in the net surface charge of CNC after TEMPO oxidation, and they attributed
this to the hydrolysis of sulfate ester groups at basic conditions during the reaction. At
high pH values, the negatively charged OSO−3 groups are hydrolyzed, leading to a smaller
zeta potential [164]. This phenomenon was more evident for CNC-OX leading to a less
negative zeta potential compared to CNC at high pH.
The successful grafting of CSOS on CNC can also be verified by zeta potential measure-
ments. The variation in the zeta potential of CNC-CSOS at different pH values showed a
similar trend to CSOS (Figure 4.8). However, CNC-CSOS exhibited larger zeta potential
values at lower pH values due the more extended chain conformation of CSOS when they
were grafted onto CNC. The zeta potential of CNC-CSOS was positive at pH<6, almost
zero at pH∼6 and negative at pH>6. The positive charge at acidic medium is due to the
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protonation of amino groups on CSOS. In strong acidic medium, CNC-CSOS possessed a
smaller positive charge compared to moderate acidic medium. This is because in strong
acidic medium (pH=2.1), the high density of the positive charge on CSOS shielded the
negative charge of sulfate ester groups on CNC. However, when the pH was increased,
the amounts of positive charges decreased, and the corresponding lower charge shielding
resulted in a higher net charge. At around neutral pH (pH∼6), the total charge is almost
zero due to the neutralization of NH+3 on CSOS with COO
− and OSO−3 groups, yielding
the isoelectric point. At pH above 6, the negative charge is due to the remaining COO−
and OSO−3 groups on CNC. The zeta potential of almost zero at neutral pH on CNC-CSOS
can be an indirect proof of successful grafting of CSOS on CNC and the formation of amide
bonds. The zeta potential of CSOS and CNC-OX at the neutral pH is +20 and -70 mV,
respectively. If CSOS and CNC-OX were physically mixed together, the zeta potential of
their mixture would have been somewhere around -50 mV. However, at this pH the zeta
potential of CNC-CSOS is almost zero. This dramatic increase in the zeta potential is due
to the depletion of COOH groups on CNC-OX as a result of the reaction with the NH2
groups on CSOS [57].
4.3.10 TEM Analyses
The TEM images of CNC and CNC-OX on the individual nanocrystals and some aggregates
are shown in Figure 4.9a and b, respectively. The aggregates are formed because of the high
aspect ratio of nano-whiskers and strong hydrogen bonding between them. It is important
to note that these aggregates can form during the drying process when the solvent was
removed [182]. During the sample preparation, the evaporation of water can intensify
the agglomeration of nanocrystals inducing more nanocrystals to agglomerate [196]. As
shown in Figure 4.9, the oxidation of CNC to CNC-OX did not alter their morphology.
However, because of electrostatic repulsion induced by increased negative charge on the
surface of CNC-OX, they tended to be more dispersed and displayed less aggregates [125].
TEM micrographs of CNC-CSOS are shown in Figure 4.9c. As expected, larger particles
for CNC-CSOS were observed compared to CNC or the precursor CNC-OX. CNC-CSOS
particles showed loose crosslinked structures. This could either be due to CSOS chains
forming amide bonds with CNC-OX resulting in the crosslinking of several CNC particles
or the alignment of particles due to the drying process. The grafted CSOS polymer chains
were not visible in TEM micrographs due to their relatively low surface density, which
could not generate a detectable contrast [164]. For TEM studies, at least 3 samples were
examined and more than 15 TEM images were obtained confirming the reproducibility of
the images.
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Figure 4.8: Zeta potential versus pH for 0.1 wt% samples.
4.3.11 AFM Analyses
The samples used for AFM imaging were produced by placing 20 µL of samples with a
concentration of 0.1 mg/mL onto freshly cleaved mica surface and incubated for 5 min to
allow the particles to adhere to the surface. It was then washed 3 times with D.I. water.
The extra moisture on the surface was removed with a tissue paper. This method resulted
in well-dispersed particles that strongly adhered to the mica substrate. The rinsing was
implemented for two reasons: first, to lower the concentration of samples on the mica
surface; second, to ensure that the remaining particles would be the ones that adhered
to the mica surface [98]. As seen in Figure 4.10a and b, CNC and CNC-OX possessed
rod-like structures and oxidation did not alter the morphology of the particles. In the
drying process, the extra intermolecular hydrogen bonding between crystallites may lead
to irreversible aggregation, which may also be responsible for the change in the shape
of the particles [197]. Figure 4.10c shows the AFM image of CNC-CSOS. As can be
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Figure 4.9: TEM images of 0.01 wt% (a) CNC, (b) CNC-OX, and (c) CNC-CSOS.
seen, small network structures were formed due to the grafting of CSOS. Mica is a layered
aluminosilicate mineral, and each layer has a strong negative charge due to the isomorphous
substitution of silicon by aluminum [198]. CNC-CSOS sample had a pH of 4 and therefore
possessed positive charges, therefore at this pH there was attractive interactions between
CSOS and mica that enhanced the adsorption of the particles onto mica and prevented the
rinsing of the particles [7].
4.3.12 Light Scattering
Hydrodynamic Radii of CNC, CNC-OX and CNC-CSOS were measured as 43.8, 42.6 and
78.6 nm, respectively. Based on the SLS studies, the Rg of CNC-CSOS was calculated as
120 nm. Therefore, Rg/Rh is 1.52, which indicates a Gaussian chain morphology. Based
on Rg/Rh value, TEM and AFM images, we believe that the alignment of the chitosan
chains on the surface of CNC is random with some chains orienting on the surface of the
crystals and some sticking out crosslinking some CNC.
4.4 Conclusions
A new chemical modification procedure to produce chemically grafted CSOS on CNC was
developed. In the first step, primary hydroxyl groups on the surface of CNC were selectively
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Figure 4.10: AFM images of 0.01 wt% (Scale: 1µm × 1µm) of (a) CNC, (b) CNC-OX,
and (c) CNC-CSOS.
oxidized to carboxylic acid groups using TEMPO-mediated oxidation. The amino groups
of CSOS were then reacted with carboxylic acid groups on oxidized CNC via carbodiimide
reaction. The appearance of C=O peak in FT-IR spectrum accompanied with calculations
based on potentiometric titration revealed that CNC was successfully oxidized with a degree
of oxidation (DO) of 0.28. The grafting of CSOS on oxidized CNC was confirmed by (i)
the reduction of C=O bond in FT-IR of CNC-CSOS and appearance of new amide peaks,
(ii) higher decomposition temperature in TGA of CNC-CSOS, (iii) positive zeta potential
of CNC-CSOS at acidic pH (iv) degree of substitution of 0.26 that is close to the DO (0.28)
indicating that most COOH on CNC-OX groups were involved in formation of amide bond
with CSOS. TEM and AFM studies revealed a completely different morphology of CNC
and CNC-OX with CNC-CSOS.
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Chapter 5
Comparative Release Studies of Two
Cationic Model Drugs from Different
Cellulose Nanocrystal Derivatives *
Native CNC, oxidized CNC (CNC-OX) and chitosan oligosaccharide grafted CNC (CNC-CSOS)
were evaluated as potential drug delivery carriers for two model drug compounds, procaine
hydrochloride (PrHy) and imipramine hydrochloride (IMI). The loading of PrHy and IMI
was performed at pH 8 and 7, respectively. IMI displayed higher binding to CNC deriva-
tives than PrHy. Drug selective membranes were prepared for each model drug and a drug
selective electrode system was used to measure the drug concentration in the filtrate and
release medium. Isothermal titration calorimetry (ITC) was used to elucidate the types of
interactions between model drugs and CNC and its derivatives. The complexation between
model drugs and CNC derivatives was further studied by zeta potential and transmittance
measurements. The binding and release of these drugs correlated with the nature and
types of interactions that exist between the CNC and drug molecules.
5.1 Introduction
Polymers have been widely used in the pharmaceutical industry. Examples are in rubber
closures, plastic tubing for injection and polyvinylchloride bags for intravenous solutions.
*This chapter is adapted from a paper “S.P. Akhlaghi, D. Tiong, R. Berry, and K.C. Tam, Comparative
Release Studies of Two Cationic Model Drugs from Cellulose Nanocrystal Derivatives, European Journal
of Pharmaceutics and Biopharmaceutics, In Press.”
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In recent years, they are being used for the design and development of novel pharmaceutical
carriers that allow the slow or fast release of drugs. Polysaccharides are natural carbohy-
drate polymers that possess many advantages such as, abundance, low cost, sustainability,
biocompatibility, biodegradability, non-toxicity and surface functionalities making them
excellent candidates as drug carriers. Cellulose and its derivatives are often used as emul-
sifiers, thickeners, and tablet binders. These derivatives can modify the drug release by film
formation, water retention, adhesion enhancement and control of rheology [63]. Effective
delivery and release of drugs, enzymes and proteins at their target site can be achieved by
nanoparticle delivery systems. Cellulose nanocrystals (CNC) are obtained by the removal
of the amorphous regions in cellulose chains via acid hydrolysis leading to rigid, rod-like,
nanoscale materials [95]. In recent years, CNC and its derivatives have been studied exten-
sively in the biomedical field due to their desirable properties including high aspect ratio,
large surface area, high mechanical strength, and hydrophilicity [117]. The hydrophilic
nature of CNC is due to the presence of several hydroxyl groups on its surface that lead to
low protein adsorption, which delays initial clearance from the blood stream and prolongs
circulation in blood [199]. The surface hydroxyl groups on CNC provide a platform for
surface modification with different chemicals by different methods. Surface modification
of CNC can allow the binding and release of drugs that do not bind to CNC in its native
form [14]. The non-toxicity of CNC has been confirmed by its interactions with rainbow
trout hepatocytes and microvascular endothelial cells [200].
Different acidic or basic drugs have been loaded onto charged particles as observed in
ion-exchange resins [21]. The drug release from the drug-loaded resins is rapid due to the
displacement of drug molecules bound to the resins by counter ions present in body fluids.
The release from the resins can be sustained using different cellulose derivatives, such as
carboxymethyl or epoxy cellulose and chitosan. The high charges on these biopolymers
allow a strong binding between the drug and its carrier leading to a slower release [22].
Ion-exchange mechanisms have been explored in the binding and controlled release of drugs
from nanocrystalline clays in pharmaceutical formulations [201].
CNC was first reported as a drug excipient by Jackson and coworkers [14]. Unmodified
and surfactant modified CNC was used for the loading of hydrophobic and hydrophilic
drugs, respectively. The hydrophobic drugs displayed a 2-day release compared to a 1-
day release for hydrophilic drugs. Lin and coworkers incorporated different polysaccharide
nanocrystals including CNC into sodium alginate nanocomposite microspheres resulting in
higher encapsulation efficiency and desirable release profiles [146]. CNC hindered the diffu-
sion of the model drug, theophylline and reduced the collapse and dissolution of microgels.
Dash and Ragauskas developed a novel nanocarrier based on functionalized CNC for the
delivery of amine-containing drugs. CNC was grafted with gamma aminobutyric acid, a
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spacer molecule, by using periodate oxidation and a Schiff’s base condensation reaction.
Syringyl alcohol was then attached to the functionalized CNC as a releasable linker to
induce the controlled and fast release of the targeting agent [202].
In several studies, Kolakovic and coworkers have investigated the potential applica-
tions of CNC for sustained drug delivery. In one study, they prepared drug-loaded CNC
microparticles using a spray drying method. The particles were spherical with diameters
of about 5 microns, and the controlled release profiles were associated to the limited drug
diffusion from the system due to the tight fibre network. The release kinetics depended
on the solubility of the drug in the medium and its affinity to CNC. In their study, the
unbound drug fraction was relatively high, and they attributed it to the fraction that was
weakly bound and accessible to water [18]. In another study, water insoluble drugs were
encapsulated into tight fibre networks of CNC by filtration to produce drug-loaded CNC
films. Their results showed that drugs could be released from the CNC films over pro-
longed durations due to the presence of a tight fibre network around the drug molecules
that inhibit the drug dissolution and act as a barrier for drug diffusion [19]. Recently,
Kolakovic and coworkers used isothermal titration calorimetry (ITC) to study the inter-
actions between CNC and various model drugs of different molecular weights and charge
characteristics. The ITC studies showed that the drugs bind to CNC in a pH dependent
manner induced mainly by electrostatic interactions. The diffusion of drugs through the
dry, porous, thin CNC films was investigated by permeation studies that revealed the size
dependent diffusion rate of the model drugs through the films [20].
CNC has also been used to enhance the storage stability of drug nanoparticles by im-
mobilizing them. Valo and coworkers coupled an engineered hydrophobin infusion protein
with two cellulose binding domains to enhance the binding of drug nanoparticles to CNC.
Their results demonstrated that once itraconazole (a model drug) was coated with protein
and fused to CNC, nanoparticles with a size of 100 nm could be stored for more than
10 months. Furthermore, they observed that the nanodispersion increased the dissolution
rate of itraconazole leading to more desirable in vivo profiles of the drug [203]. In another
study, Valo et al. prepared CNC aerogels by freeze-drying method. Hydrogels produced
using CNC obtained from different sources and microcrystalline cellulose (MCC) were used
as reservoirs for oral drug delivery studies [204]. They coated beclomethasone dipropionate
nanoparticles with hydrophobin proteins and incorporated them into the nanogels. They
observed fast and sustained release of the drug depending on the type of cellulose matrix
formed during the freeze-drying of the CNC and the types of interactions involved. They
concluded that despite the fairly similar chemical structures of CNC, very different release
profiles were obtained, and this should be taken into consideration in formulation studies
[204]. In a recent study, Yildir et al. prepared porous cellulose beads and studied the
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potentials of the spherical matrices as drug carriers. The beads were prepared by three
different methods and three drugs were used as models. They loaded the cellulose beads by
immersing them in the drug solution, and the drug loading and release from the cellulose
beads displayed a controlled release profile [205].
In this study we aim to examine the potential of CNC and two CNC derivatives as
nanocarriers for drug release applications. In recent years, there has been an increasing
interest in investigating different CNC systems for pharmaceutical applications and re-
searchers have shown that drugs can be loaded onto the CNC surface through different
types of interactions [14]. However, to the best of our knowledge no studies have exam-
ined the pH dependent drug binding to CNC and the characterization of the CNC-drug
complex. Understanding the types of interactions between drug molecules and CNC at
various pH is beneficial to optimize drug loading that leads to a more desirable in vivo re-
lease profile. Surface modified CNC with chitosan oligosaccharide (CNC-CSOS) has many
notable biological properties making it an excellent nanocarrier for drugs. The chitosan
chains grafted on the surface of CNC can hinder the drug release from CNC while acting as
a pH responsive drug carrier. The antioxidant, antibacterial and mucoadhesive properties
of chitosan provide a platform for the design of nanocarriers with potential applications
in buccal drug delivery and addressing complications in the oral cavity. The two model
drugs used in this study are procaine hydrochloride (PrHy), a local anesthetic used in
dental surgery, and imipramine hydrochloride (IMI), a tri-cyclic antidepressant with local
analgesic activity. CNC samples loaded with these model drugs can be applied in topical
formulations to alleviate pain.
5.2 Experimental Section
5.2.1 Materials
A freeze-dried CNC sample was supplied by FPInnovations. For preparation of CNC-
OX, the following chemicals were purchased from Sigma-Aldrich: TEMPO (98 %), NaOCl
(reagent grade, 10− 15% available chlorine), NaBr (99.0 %), NaOH (1 N), HCl (1 N), and
methanol. For surface modification of CNC with CSOS and preparation of CNC-CSOS, CSOS
(average Mn 5,000 Da) was purchased from Sigma-Aldrich. EDC (1-ethyl-3-(3- dimethy-
laminopropyl) carbodiimide, commercial grade) and NHS (N-hydroxysuccinimide, 98 %)
were purchased from Fluka and Acros Organics, respectively. MES (2-(N-morpholino)
ethanesulfonic acid, 99 %) purchased from Sigma was used as the buffer for the amide cou-
pling crosslinking reaction. For drug selective membrane preparation, poly(vinyl chloride)
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Figure 5.1: Structure of (a): PrHy, (b): IMI, (c): CNC and its derivatives.
carboxylated (PVC), poly(ethylene-co-vinyl acetate-co-carbonmonoxide) (PE-co-PVA-co-
CO) were purchased from Sigma. Sodium tetraphenylborate (NaTPB) was obtained from
Fluka. The model drugs used procaine hydrochloride (PrHy) (Figure 5.1a) a local anes-
thetic used in dental surgery, and imipramine hydrochloride (IMI) (Figure 5.1b) an antide-
pressant, were purchased from Sigma. Millipore de-ionized (D.I.) water was used for all
experiments and sample preparations.
5.2.2 Synthesis of CNC-OX and CNC-CSOS
The synthesis and characterization of CNC-OX and CNC-CSOS were described in detail
in Chapter 4. A schematic of CNC, CNC-OX and CNC-CSOS denoting their functional
groups is shown in Figure 5.1c.
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5.2.3 Preparation of Drug-Selective Membranes
The drug-selective membranes were prepared using a procedure previously described by
Tan and Tam [206]. The first step was the preparation of the carboxylate PVC-drug
complex by an ion-exchange process. Carboxylated PVC (0.5 g) was dissolved in 30 mL
THF. For preparation of drug selective membranes, the drugs were dissolved in a mixture of
90 mL of THF and 10 mL of distilled D.I. water. For PrHy membranes, 0.955 g PrHy and
for IMI membranes 1.100 g IMI was added. The carboxylated PVC solution was then slowly
added to the rapidly stirring drug solution and mixed for 2 days. In order to precipitate
the carboxylated PVC-Drug complex, the mixtures were slowly added to 900 mL of cold
distilled D.I. water using a glass pipette. The precipitate was concentrated using a rotary
evaporator until the complex aggregated into a visible white dispersion. The complex was
filtered using a 20-25 µm filter paper and washed several times with distilled D.I. water,
and left to dry at room temperature. In the next step of the membrane preparation, 0.18
g of the plasticizer (Elvaloy 742 resin (i.e. PE-co-PVA-co-CO), 0.114 g of the carboxylated
PVC-Drug complex, and 6 mg of the ion-exchanger (i.e. NaTPB) were dissolved in 30 mL
of THF. The solutions were then poured into a 55 mm diameter Petri dish and the solvent
was left to slowly evaporate at room temperature for 1 to 2 days. Finally, the membrane
was removed from the Petri dish and a 12 mm disk was cut and attached onto a PVC cap
using THF.
5.2.4 Electro-Motive Force Measurement (EMF) System
The EMF system consisted of a measuring drug membrane electrode (DME) and an
Ag/AgCl reference electrode purchased from VWR. The electrochemical system arrange-
ment was: AgBr/Ag/internal solution/membrane/test solution/Ag/AgCl reference elec-
trode. The interior of the Teflon electrode casing was filled with a 1 mM solution of drugs
in 10 mM NaCl. The sensor membrane was conditioned for half an hour prior to use [206].
The electrodes were attached to an ELIT 4-Channel Ion-Analyzer (ELIT 9804), and the
electromotive force was recorded using the software ELIT 4-Channel Ion-Analyzer version
7.1.44sa.
5.2.5 DSE Calibration and Concentration Determination
Prior to each measurement, the EMF system was calibrated using drug standard solutions.
For drug release studies, standard solutions with concentrations of 0.1, 1, 10 and 100
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mM PrHy and 0.01, 0.1, 1 and 10 mM IMI in 10 mM NaCl were prepared. Calibration
curves were plotted and the logarithmic line of best fit was determined, which was used to
calculate the concentration of PrHy and IMI in subsequent measurements (Figure 5.2a and
c). To obtain a graph of concentration versus time, the electrodes were placed in the test
solution and EMF readings were automatically acquired by the 4-channel ion-analyzer at
precise time intervals (20 s) for the duration of the experiment. The EMF values were then
converted to concentration values using the calibration curve. The stability of membranes
over time and their fast response to drug concentration change was also evaluated (Figure
5.2b and d).
5.2.6 Drug Loading
The drug loading of PrHy and IMI was performed in a similar way resulting in a final
concentration of 0.05 wt% sample (CNC, CNC-OX, CNC-CSOS), 18.3 mM drug (PrHy or
IMI) in 10 mM NaCl solution. The loading was achieved by dropwise addition of a fixed
volume of 36.6 mM of drug to the same volume 0.1 wt% sample in a 20 mM NaCl solution.
The pH of the drug-loaded solution was then adjusted to 8 and 7 for PrHy and IMI,
respectively. The solutions were stirred for 30 mins at room temperature and equilibrated
for at least 1 h. In order to remove the unbound drug, the drug-loaded solutions were
passed through a stirred ultrafiltration cell (Millipore Corporation, Bedford, USA) with
filters having cut-off pore sizes of 25 nm (Millipore, VSWP, Ireland). The concentration
of free drug in the filtrate was measured using a DSE and, the EMF measurements were
recorded using a built-in micro-voltammeter.
5.2.7 Isothermal Titration Calorimetry (ITC)
The Microcal VP-ITC instrument was used to study the interactions between PrHy and
CNC-CSOS at 3 different pH values and the model drugs (PrHy and IMI) and cellulose
nanocrystal samples (CNC, CNC-OX and CNC-CSOS). Once the thermal equilibrium was
reached, the titrations were carried out at a constant temperature by injecting the titrant
(drug) solution in NaCl from a ∼282 µL injection syringe into a 1.4551 mL sample cell
filled with 0.05 wt% cellulose nanocrystal solution prepared at the same pH and ionic
strength. An injection schedule was automatically performed using an interactive software
after setting the number of injections, volume of each injection, and time between each
injection. For studying the interactions between PrHy and CNC-CSOS at 3 different pHs,
the ∆H values for the dynamic interactions were reported as kcal/mol of injectant and
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Figure 5.2: Calibration curves of (a): PrHy and (c): IMI. (b): stability of PrHy membrane
over time, and (d): fast response of IMI membrane to change in concentration.
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were plotted against the molar ratio. Control experiments were performed by injecting the
same aliquot of PrHy into 0.01 M NaCl at pH of 6, 7 and 8.
For studying the interactions between model drugs and CNC samples, the ∆H values
for the dynamic interactions were reported as kJ/mol of injectant and were plotted against
drug concentration. The interactions between PrHy and cellulose nanocrystals were studied
by injecting 100 mM or 10 mM PrHy into sample cells with an ionic strength of 10 mM
NaCl at pH 8 and at 25 ◦C. For IMI, the interactions were studied by first titrating 100
mM IMI into sample cell containing cellulose nanocrystals in 10 mM NaCl at pH 7 at
25 ◦C. In order to further elucidate the interactions between IMI and CNC-OX, three
additional titrations were performed, keeping the other titration parameters constant: (1)
at high temperature (50 ◦C), (2) at high ionic strength (200 mM NaCl), and (3) high urea
concentration (200 mM). Blank titrations were performed by injecting the same aliquot
of drugs into water at the same pH, temperature and ionic strength to obtain the heat
of dilution. The differential enthalpy curves of heat of dilution were subtracted from the
enthalpy curves of titrating drugs into cellulose nanocrystal solutions.
5.2.8 UV Transmittance
The transmittance of solutions containing 0.05 wt% cellulose nanocrystal samples with
different drug concentrations was measured using a HP 8453 UV-visible spectrophotome-
ter (Hewlett-Packard Company, Palo Alto, CA) equipped with a 1 cm quartz cell, at a
wavelength of 600 nm. The pH and ionic strength of the solutions were chosen to match
the conditions in the ITC cell.
5.2.9 Zeta Potential Measurements
The zeta potential of the complexes prepared by mixing 0.05 wt% cellulose nanocrystals
with different drug concentrations were measured using the Malvern Nano-ZS 90 (Malvern,
Nano ZS, UK). The measurements were performed at room temperature at pH 7 for IMI
and pH 8 for PrHy. The Smuloschowski model was used to convert electrophoresis mobility
to zeta-potential, where the reported values are an average of 10 measurements.
5.2.10 In vitro Drug Release Studies
The in-vitro drug release studies were performed at room temperature using the DSE. For
the release studies, ∼3 mL of drug-loaded samples were added to 25 mL phosphate buffer
92
saline (PBS) medium at a specific pH with gentle stirring. The EMF of the bulk solution
was recorded by the ELIT 4-Channel Ion-Analyzer at a regular interval of 20 s and the
values were later converted to concentration values. A cumulative release profile of drug
concentration vs. time was then obtained.
5.3 Results and Discussion
5.3.1 Drug Loading Capacity
The binding efficiency (BE%) of samples was determined indirectly by measuring the free
drug in the filtrate using the following expression:
Binding Efficiency (%) =
[Drug]total − [Drug]filtrate
[Drug]total
× 100 (5.1)
In order to compare the loading of PrHy and IMI into the samples, all conditions were
kept constant except the pH. As discussed in the following section, ITC studies confirmed
that the optimal interaction between CNC-CSOS and PrHy was observed at pH 8 leading
to the highest BE%. At lower pH values, the amine groups of CNC-CSOS are protonated
and the surface charge is positive. The repulsion between the positively charged drugs and
CNC-CSOS limits the BE%. Therefore, PrHy was loaded in the CNC samples at pH 8 to
maximize the drug loading. As IMI is not fully soluble at pH 8, IMI was loaded into the
samples at pH 7.
Figure 5.3 shows the BE% of IMI and PrHy with different cellulose nanocrystal samples.
Previous studies showed that hydrophilic drugs could directly bind to the CNC surface
through various types of interactions, ionic interaction being the most dominant as it is
long range [14]. The BE% of IMI was higher than PrHy. The higher BE% of IMI compared
to PrHy was attributed to the structural differences of the two drugs leading to more
favorable interactions between cellulose derivatives and drug molecules [46]. Moreover, the
differences in the solubility of the drugs and CNC samples at pH 7 and 8 could lead to
different affinities to CNC samples [19]. For PrHy, CNC-OX had the highest BE% and
CNC and CNC-CSOS had similar BE% values. For IMI, CNC displayed the highest BE%
while, the BE% of CNC-OX and CNC-CSOS were lower but similar to each other. The
differences between the BE% on different CNC samples can be further explained through
the results of ITC, zeta potential and transmittance studies to be discussed later.
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Figure 5.3: Binding Efficiency (BE%) of IMI at pH 7 and PrHy at pH 8 to different CNC
samples.
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5.3.2 Isothermal Titration Calorimetry (ITC)
Evaluating the interactions between drugs and carriers and determining the mechanisms
involved is an important factor for establishing the optimum conditions for drug uptake
and to understand their release behavior. In the first step, ITC was used to determine the
optimum pH for loading PrHy into CNC-CSOS. The thermodynamics of CNC-CSOS-PrHy
interaction at different pH values was studied by ITC and the results are shown in Figure
5.4a. Insignificant interaction between CNC-CSOS and PrHy was observed at pH 6 due to
the electrostatic repulsion between the positively charged samples. At pH 7, CNC-CSOS
possessed an initial endothermic interaction, followed by almost no interaction. CNC-CSOS
displayed the most interaction with PrHy at pH 8, therefore, this pH was chosen for drug
loading experiments. The equilibrium binding parameters at pH 8 was determined by
fitting the experimental calorimetric data with a two-site model. The binding constants
K1 (3.45×105) and K2 (1.83×104) possessed large values, suggesting that PrHy has a
good affinity to CNC-CSOS at pH 8 and can be incorporated with high efficiencies onto
CNC-CSOS particles. The thermodynamic signatures are shown in Figure 5.4b, and by
comparing the thermodynamic signatures with previously reported results, we conclude
that the binding at pH 6 and pH 8 for the second site is dominated by hydrophobic
interactions whereas at pH 7 and pH 8 first site are due to hydrophobic interactions and
favorable hydrogen binding [207].
ITC was also used to determine the types and nature of interactions between CNC
samples and the two model drugs. The ITC results from titrating 100 mM PrHy into CNC
samples at pH 8 (Figure 5.5) revealed an exothermic reaction with the largest enthalpy
change for CNC-OX. CNC and CNC-CSOS displayed similar enthalpy values, where an
endothermic and exothermic reaction was observed for the CNC and CNC-CSOS respec-
tively. Exothermic reactions usually signify an enthalpically driven process [208] while
endothermic reactions are generally entropically driven; this could be related to the release
of counter-ions or dehydration of samples. Figure 5.5 indicated that the saturation was
reached at higher PrHy concentrations for CNC-OX (∼4 mM) followed by CNC-CSOS (∼3
mM) and CNC (∼2 mM). In order to identify the interactions between PrHy and CNC
samples at lower concentrations, the CNC samples were titrated with 10 mM PrHy (Fig-
ure 5.5-inset). It can be observed that the titration resulted in similar trends to 100 mM
PrHy with CNC-OX showing the maximum enthalpy change. The small heat change after
titrating CNC samples with PrHy signified the low binding of PrHy to the three CNC
samples compared to IMI. Similarly, low endothermic heat release values were observed
when titrating PrHy into polyaspartic acid [209]. As discussed previously, fitting a two
site model to the ITC plot of 10 mM PrHy to CNC-CSOS at pH 8 suggested that the in-
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Figure 5.4: (a) Heats of reaction as obtained from the integration of the calorimetric traces
of titrating 10 mM PrHy into 0.05 wt% CNC-CSOS at pH 8. (b) Thermodynamic signatures
of 0.05 wt% CNC-CSOS and 10 mM PrHy at pH 6, 7 and 8.
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teractions between CNC-CSOS and PrHy was mainly due to hydrophobic interactions and
hydrogen bonds [155]. Govender et al. had previously stated that the interaction between
polyacrylic acid and PrHy at pH∼5 was mainly due to non-electrostatic interactions [46].
Tan et al. proposed that the ethyl groups in the structure of PrHy would cause steric hin-
drance limiting the electrostatic interactions between the positive charge on the nitrogen
atom of PrHy and negative charges of their nanogels [206]. Aromatic residues of proteins
have been shown to bind to the glucopyranose units of crystalline segments of cellulose via
hydrophobic interactions, which were then enhanced by hydrogen bonding [210].
Figure 5.6a shows the ITC plots of titrating CNC samples with 100 mM IMI. The heat
change after titrating CNC samples with IMI was much larger than in PrHy. This might
explain the higher BE% observed for IMI-CNC systems. The order of the maximum heat
change was similar to that of PrHy with CNC-OX displaying the most heat. The high
heat release when titrating CNC-OX with IMI signified strong binding that yielded white
precipitates recovered from the ITC cell at the end of the experiment (Figure 5.7). Similar
to PrHy, the reaction between CNC and IMI was endothermic, however the concentration at
which the enthalpy approached zero was not identical. The saturation IMI concentration for
CNC-OX (∼7 mM) was the largest followed by CNC-CSOS (∼4 mM) and CNC (∼3 mM).
This result suggested that the differences between the saturation concentrations of the CNC
samples could be attributed to the differences in the strength of electrostatic interactions
[206]. The presence of carboxylic acid groups on CNC-OX and the deprotonation of COOH
groups to COO− at pH 7 together with the sulfate ester groups (OSO−3 ) on the surface
of the CNC, resulted in the largest negative zeta potential compared to CNC-CSOS and
CNC. For CNC-CSOS, most COOH groups participated in the carbodiimide reaction, while
the negative zeta potential on pristine CNC was solely due to OSO−3 groups. In order to
elucidate the interactions between CNC-OX and IMI, ITC measurements were performed
at different conditions (Figure 5.6b). When the temperature was increased from 25 to
50 ◦C, the heat release was significantly larger, confirming the presence of hydrophobic
interactions [206]. At 50 ◦C, the IMI concentration at which enthalpy equaled zero occurred
at a lower concentration (∼3 mM) compared to ∼7 mM for 25 ◦C. By increasing the
temperature, Brownian motion of the drug molecules and CNC is enhanced, resulting in
a higher probability of collisions that promotes the interactions between drug molecules
and CNC. Urea was added to minimize or reduce the hydrogen bond interaction, and
at high urea concentration, the exothermic peak was reduced. However, since hydrogen
bonding interaction is not present, the addition of urea could have altered the polar-pi
interactions between water molecules and the aromatic structures of the IMI molecules.
Moreover, urea could form hydrogen bonds with the protonated carboxylic acid groups
on the surface of CNC-OX as well as the hydroxyl groups that lower the dispersibility
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Figure 5.5: Heats of reaction as obtained from the integration of the calorimetric traces of
titrating 100 mM PrHy into 0.05 wt% CNC samples at pH 8. (Inset plot titrating 10 mM
PrHy).
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Figure 5.6: Heats of reaction as obtained from the integration of the calorimetric traces for
titrating 100 mM IMI into (a) 0.05 wt% CNC samples at pH 7, (b): 0.05 wt% CNC-OX
under different conditions at pH 7.
of CNC-OX in aqueous solution, and reduce the interaction between IMI and CNC-OX.
Performing the titration in high salt concentration led to an interesting result, where heat
was absorbed (endothermic reaction). This could be due to the shielding of charge on
the surface of CNC-OX in high salt conditions. However, the saturation concentration
remained unchanged (∼7 mM), which suggests that other interactions (in addition to
electrostatic) were present. If the interaction was dominated by electrostatic forces, the
saturation concentration would be lowered in a high ionic strength environment. This is in
contrast to other ITC results obtained by previous researchers, where they had observed a
reduction in the exothermic peak due to the charge screening leading to a lower saturation
concentration [211]. The observed difference between the different CNC samples is most
probably due to the differences in the surface charge of the CNC systems.
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5.3.3 Studying Complexation: UV Transmittance and Zeta Po-
tential Measurements
In order to shed light on the complexation mechanisms of CNC samples and the two model
drugs, six CNC samples containing different drug concentrations were prepared. The pH
and ionic strength of all solutions were monitored closely to resemble the conditions in
the ITC cell at the end of titration and after drug loading. Table 5.1 summarizes the
results of the zeta potential and % transmittance results from samples with different drug
concentrations prepared that represented the different stages of the interactions between
drug molecules and CNC when the drugs were titrated into the CNC samples. Figure 5.7
shows the solutions of CNC samples containing 16 mM of each drug; the condition at the
completion of the ITC experiments. For all CNC samples with increasing concentration of
PrHy, the surface charge increased gradually due to the binding of positively charged PrHy
onto the surface of CNC leading to a reduction in the transmittance. However, for CNC-OX
the zeta potential of the final solution was negative. This could be due to the disruption
of the complexes to produce individual CNC particles as reflected by the clear solution
shown in Figure 5.7. The higher loading and more rapid release of PrHy observed for
CNC-OX compared to CNC and CNC-CSOS could be explained by the enhanced binding
sites available in CNC-OX. Compared to PrHy, a much more dominant reduction in the
transmittance was observed as shown in Figure 5.7. This could be due to the more favorable
complex formation for IMI as indicated from ITC binding isotherms, which led to a higher
drug loading. CNC-OX containing 16 mM IMI formed larger particles that precipitated
from solution. It should also be noted that the differences in the values reported for pure
CNC samples for PrHy and IMI is due to the difference in pH values.
Based on ITC, zeta potential and transmittance data, we have postulated a mecha-
nism for the complexation between the cationic model drugs and the three types of CNC
samples. For PrHy, due to the weak ionic interactions between PrHy and CNC nanopar-
ticles (note: the ethyl groups on the tertiary amine reduces the electrostatic interaction,
Figure 5.1a), the Columbic attractive forces draw the PrHy molecules closer to CNC par-
ticles allowing the planar surface alignment facilitating the hydrogen bonding between the
primary amine groups of PrHy and hydroxyl groups on the CNC surface. For CNC-OX
and CNC-CSOS, the tertiary amine groups form hydrogen bonds with the carboxylic acid
groups. Similarly for IMI, the stronger electrostatic attractions (since the tertiary amine
groups are surrounded by methyl groups for IMI, Figure 5.1b) draw the positively charged
IMI molecules to the CNC surface that facilitates the hydrophobic interactions between
the drug and the surface of CNC. Similar mechanisms were proposed from studies on the
complexation between doxorubicin and dextran [212]. The ionic interactions between pos-
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Table 5.1: Transmittance (T%) at 600 nm and zeta potential (ZP) measurements of CNC
samples at different concentrations of PrHy and IMI
CNC CNC-OX CNC-CSOS
Conc. (mM) T (%) ZP (mV) T (%) ZP (mV) T (%) ZP (mV)
PrHy
0 93.4 -35.7 94.6 -38.5 58.1 -22.3
0.756 91.8 -35.7 92.9 -36.5 60.6 -20.0
1.099 90.2 -34.8 89.9 -26.2 56.9 -21.9
1.474 91.3 -34.4 76.4 -17.5 56.6 -19.1
16 65.7 -15.8 58.0 -37.6 51.5 3.5
IMI
0 92.2 -33.1 97.3 -36.5 86.1 -15.5
0.756 90.9 -33.3 43.0 -34.5 47.2 -10.9
1.099 86.9 -34.7 44.6 -39.4 51.4 -14.8
1.474 80.8 -33.2 40.0 -37.2 49.6 -11.8
16 4.0 -12.3 42.2 -4.73 27.7 2.6
itively charged doxorubicin and negatively charged dextran resulted in the formation of
polymer-drug complexes, which were strengthened by hydrogen bonding and pi−pi stacking
of the aromatic groups on doxorubicin [212]. Our results are in agreement with the findings
of Govender et al., where they had concluded that the interactions between PrHy and poly-
acrylic acid were entropically driven and dependent on the release of counter-ions. Despite
the presence of large electrostatic driving forces for the initiation of complex formation,
non-electrostatic charges were the dominant forces for the complex formation [46].
5.3.4 In vitro Drug Release Studies
The in vitro release profiles of PrHy and IMI from CNC samples at different pHs are shown
in Figure 5.8 and Figure 5.9, respectively. Figure 5.8a shows the release profile of PrHy
from CNC samples at pH 7.4. The total amount of PrHy released was the highest for
CNC (∼80 %) followed by CNC-OX (∼60 %). CNC-CSOS displayed the lowest amount
of total PrHy released (∼40 %), and this could be due to the presence of chitosan chains
on the surface of CNC that inhibited the release and diffusion of the drug molecules. The
maximum release time for CNC-CSOS was also the highest (∼ 12 min) compared to CNC
(∼ 6 min) and CNC-OX (∼ 3 min). The sustained release profile of PrHy from CNC-CSOS
offers the possibility of drug release carriers for applications where more controlled release
profiles are desirable. Figure 5.8b shows the in vitro release profile of PrHy from CNC-CSOS
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Figure 5.7: Complexes of 0.05 wt % CNC samples at 16 mM drug concentration.
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Figure 5.8: Cumulative in vitro release of PrHy from (a): CNC samples in PBS pH 7.4,
(b): CNC-CSOS in PBS pH 6, 7 and 8.
at different pHs. At pH 6 where both CNC-CSOS and PrHy are positively charged, the
electrostatic repulsion led to the release of the maximum amounts of PrHy from the drug-
particle complexes.
The in vitro release profile of IMI from CNC samples at pH 7.4 and 5.7 is shown in
Figure 5.9a and b, respectively. pH 7.4 is the physiological pH of blood and pH 5.7 is
the pH of most wounds. The higher amount released at pH 5.7 was attributed to the
higher solubility of IMI at lower pH due to the greater degree of protonation of amine
groups. Similar results have been reported previously [213]. Moreover, the differences in
the counter ions present in PBS at different pH values could lead to larger ion-exchange
at pH 5.7 leading to a faster and more complete release of IMI molecules. IMI is released
almost immediately but incompletely from CNC at both pH values. The release of IMI
from CNC-OX at both pH values occurred in a relatively controlled manner. At pH 5.7,
electrostatic interactions between the positively charged IMI and negatively charged CNC-
OX dominate (because of the deprotonation of carboxylic acid groups), a more sustained
release profile was observed compared to pH 7.4. At both pH values, CNC-CSOS exhibited
the highest total amount released followed by CNC-OX and CNC. This is in contrast to the
release observed for PrHy where CNC-CSOS displayed the least amount of drugs released.
As seen in Figure 5.9a, CNC-CSOS displayed a desirable release profile for IMI at pH 7.4,
where ∼80 % of IMI was released in a controlled manner over 2 hours. However at pH
5.7, due to electrostatic repulsion, IMI was expelled and released immediately. This pH
responsive behavior of CNC-CSOS makes it an excellent candidate for the triggered drug
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Figure 5.9: Cumulative in vitro release of IMI from CNC samples in PBS (a): at pH 7.4
and (b): at pH 5.7.
release that is desirable in some applications.
In general, the release of drug molecules from CNC samples was rapid, which could be
due to the ion-exchange between the ions in the release medium and the surface of CNC
[14]. The rapid release profile was observed for acidic or basic drugs bound to ion-exchange
resins [21]. Immediate release delivery systems provide the instantaneous availability of
drugs for pharmacological action or absorption. The drugs are dissolved rapidly without
the need to prolong the dissolution and absorption of drug molecules [63]. Rapid release
systems can have potential applications in areas where rapid action is required such as in
the delivery of local anesthetics and analgesics, wound-dressing materials and addressing
issues in periodontal cavities. Despite the general fast release of drugs from CNC and
CNC-OX, both drugs were released from CNC-CSOS in a sustained manner.
5.4 Conclusions
In this chapter the drug loading and in vitro release profiles of two cationic drugs (i.e.
procaine hydrochloride (PrHy) and imipramine hydrochloride (IMI)) from native cellulose
nanocrystals (CNC) and two derivatives; oxidized CNC (CNC-OX) and surface modified
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CNC with chitosan oligosaccharide (CNC-CSOS) were studied. Isothermal calorimetry
(ITC), transmittance and zeta potential measurements were used to elucidate the com-
plexation between the drugs and CNC samples. It was seen that the higher binding of IMI
to CNC samples could be explained by the more dominant exothermic peak observed in the
ITC isotherms leading to the formation of larger particle-drug complexes. Drug selective
electrodes that displayed good stability and fast response were used to quantify the release
profiles. Different release profiles at varying pH conditions were observed due to the pH
responsive properties of the systems and changes in the solubility of drugs. Both drugs
were released rapidly from CNC samples due to the ion-exchange effect, and CNC-CSOS
displayed a more sustained release profile. These immediate drug release systems can have
potential applications in the delivery of local anesthetics and treatment of periodontal
cavities.
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Chapter 6
Cellulose Nanocrystal Grafted
Chitosan Oligosaccharide: A Novel
Antioxidant for Vitamin C Delivery *
Cellulose nanocrystal grafted with chitosan oligosaccharide (CNC-CSOS) was used to en-
capsulate vitamin C and prepare CNCS/VC complexes using sodium tripolyphosphate
(TPP) via ionic complexation. The stability of vitamin C and the antioxidant activity of
CNCS/VC complexes were elucidated. The formation of the complex was confirmed using
DSC and UV-Vis spectrophotometry and TEM was used to study the morphology of the
complexes. The encapsulation efficiency of vitamin C at pH 3 and pH 5 was 71.6% ± 6.8
and 91.0% ± 1.0, respectively. Strong exothermic peaks observed in ITC studies at pH 5
could be attributed to additional electrostatic interactions between CNC-CSOS and vita-
min C at pH 5. The in vitro release of vitamin C from CNCS/VC complexes showed a
sustained release of up to 20 days. The vitamin C released from CNCS/VC complex dis-
played a higher stability compared to the controlled vitamin C solution, and this was also
confirmed from the ITC thermograms. The antioxidant activity of various samples was
studied using the DPPH method and reported in terms of scavenging activity. CNC-CSOS
possessed a higher scavenging activity and faster antioxidant activity compared to its pre-
cursors, i. e. oxidized CNC and CSOS, and their physical mixture. Complexing vitamin
C into CNC-CSOS particles yielded a dynamic antioxidant agent, where the vitamin C is
*This chapter is adapted from a paper “S.P. Akhlaghi, R. Berry, and K.C. Tam, Cellulose Nanocrystal
Grafted Chitosan Oligosaccharide: A Novel Antioxidant for Vitamin C Delivery, submitted to AAPS
PharmSciTech.”
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released over time and displayed sustained antioxidant properties. Therefore, CNCS/VC
can potentially be used in cosmeceutical applications as topical formulations.
6.1 Introduction
Antioxidants protect our body from the damage caused by free radicals. Environmental
factors such as air pollution, cigarette smoke, and sunlight produce free radicals that dam-
age the skin. An effective antioxidant in biological systems is vitamin C (L-ascorbic acid)
that serves as a cofactor in hydroxylation reactions and scavenges reactive oxygen species
[23]. Similar to other important antioxidants, vitamin C is only provided exogenously,
therefore, the topical application of vitamin C is beneficial as a protector for the skin [24].
Vitamin C has also been used in different cosmetic and pharmaceutical formulations be-
cause of its beneficial effects for the skin [25, 214]. Vitamin C topical formulations are also
applied due to their depigmenting activity [215] and anti-wrinkle activity through colla-
gen synthesis promotion [216]. Despite the several cosmeceutical formulations containing
vitamin C on the market, very few are topically effective. The major drawbacks in the
design of these formulations are: (1) low concentration of vitamin C in the formulations;
(2) incomplete absorption and metabolism of different forms of vitamin C (mixture of iso-
mers or ester) of vitamin C by the skin; and (3) chemical instability of vitamin C once the
product is opened [24, 26]. Vitamin C is easily oxidized to dehydroascorbic acid (DHA)
due to its exposure to air, light and high temperature, which results in a short shelf time
for formulations containing vitamin C. The bioactivity of DHA is reported as 80% of the
activity of vitamin C [217]. In basic conditions, these reactions occur rapidly and result in
the irreversible hydrolyzation of vitamin C into 2,3-L-diketogulonic acid (2,3-KDG), which
is a biologically inactive form [218]. The degradation pathway of vitamin C is shown in
Figure 6.1 [26].
There are several requirements for cosmeceuticals containing vitamin C to be topically
effective: (1) they must contain vitamin C in the form of L-ascorbic acid; (2) the concen-
tration of vitamin C must be sufficiently high (∼10%); (3) vitamin C must be stable; and
(4) the pH of the formulation must be less than the pKa of vitamin C (i.e. 4.2). The
optimum pH of the formulations is ∼3.5 [24]. In order to attain an effective vitamin C
topical formulation with the aforementioned requirements, developing formulations that
enhance the stability of vitamin C is required. One way to increase the stability of vitamin
C is to chemically modify its structure by esterifying the hydroxyl groups with organic
or inorganic long chain acids [219]. Another method is to encapsulate vitamin C within
nanoparticles that have the potential to protect the sensitive bioactive compound from
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Figure 6.1: Degradation pathway of vitamin C in aqueous solutions.
chemical and enzymatic degradation during storage [27].
Recently there has been interest in using renewable resources for the design of various
novel products. The abundance and biodegradability of natural polymers has led to ex-
tensive research in this field. There is an ever-increasing desire to design novel carriers for
the delivery of bioactive compounds to increase their stability and improve their proper-
ties for enhanced patient compliance. CNC is practically non-toxic, biocompatible, and
biodegradable, which makes it an excellent candidate for biomedical applications [5]. CS
is an amino polysaccharide with interesting biological properties such as biocompatibility,
biodegradability, antimicrobial, and wound healing properties [89]. The protonation of
amine groups in acidic media imparts positive charges onto CS, allowing the binding of
different anionic compounds. CS has a great potential for manipulating the loading and
release profiles of bioactive compounds. The antioxidant activity of CS and its derivatives
has also been studied by researchers over the past several years [220, 221]. Low molec-
ular weight CS (CSOS) is known to have better water solubility and higher antioxidant
properties [16, 222]. Due to the beneficial properties of CNC and CSOS and the numerous
advantages of designing novel carrier systems based on abundant natural polymers, we
discussed the chemical grafting of CSOS onto the surface of CNC via a peptidic coupling
reaction in Chapter 4.
Several studies reported in the literature on the applications of CS nanoparticles for
the delivery of vitamins [28]. Modified CS nanoparticles have been reported as carriers
for vitamin C. N-acyl CS modified with different acyl chain lengths has been used to load
vitamin C via a sonication method [223]. CS nanoparticles have also been prepared by ionic
gelation of CS with tripolyphosphate (TPP). In one study, Jang and coworkers studied the
characteristics and stability of vitamin C-loaded CS nanoparticles in aqueous solutions
during heat processing. Their results showed an increase in the stability of vitamin C
during heat processing and suggested the potential applications of vitamin C loaded CS
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nanoparticles as enhanced antioxidants due to the continuous release of vitamin C in food
processing [29]. CS nanoparticles have also been prepared by similar methods by Alishahi
and coworkers to encapsulate vitamin C and to increase its stability [224].
In this study, we aim to increase the stability of vitamin C via the formation of com-
plexes between vitamin C and CSOS grafted CNC via ionic gelation resulting in CNCS/VC
complexes. The potential benefits of these complexes in topical applications would be the
following: (i) CNC-CSOS particles will both act as a carrier for vitamin C and increase its
stability; (ii) CNC interfaces will reduce the oxidation-induced degradation of vitamin C
by acting as barriers for oxygen reaching encapsulated vitamin C in the complexes [26]; (iii)
CS has interesting biological properties such as antioxidant, antibacterial, hemostatic and
wound healing properties suitable for topical cosmeceutical applications; (iv) CNC-CSOS
has high antioxidant activity, pertaining to a dual antioxidant activity of CNCS/VC i.e.
after the release of vitamin C from the complex as a fast and potent antioxidant, the
carrier CNC-CSOS also possesses antioxidant properties leading to a synergic and stable
antioxidant effect.
6.2 Experimental Section
6.2.1 Materials
A freeze-dried CNC sample was supplied by FPInnovations. CSOS (average Mn 5000 Da,
DD ∼75%) was purchased from Sigma-Aldrich. For TEMPO-mediated oxidation, the
following chemicals were purchased from Sigma-Aldrich: TEMPO (98%), NaOCl (reagent
grade, 10-15% available chlorine), NaBr (99.0%), NaOH (1 N) standard solution, HCl (1
N) standard solution, and methanol. For the amide coupling reaction, crosslinkers EDC
(commercial grade) and NHS (98%+) were purchased from Fluka and Acros Organics,
respectively. As received MES (2-(N-morpholino) ethanesulfonic acid, >99%) purchased
from Sigma was used as a buffer for the EDC crosslinking reaction. For antioxidant studies,
stable free radical 1,1-diphenyl-2-picryl hydrazyl (DPPH) was purchased from Aldrich.
Alcohol reagent consisting of 90% ethanol, 4.6% methanol and 5.1% isopropyl alcohol was
purchased from Fisher Scientific. Vitamin C (L-Ascorbic Acid) was obtained from Sigma-
Aldrich. For the complexation, acetic acid (>99.7%) and sodium tripolyphosphate (TPP,
technical grade 85%) were purchased from Sigma-Aldrich. Millipore de-ionized (D.I.) water
was used for all experiments and sample preparations.
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6.2.2 Synthesis of CNC-CSOS/Vitamin C Complex (CNCS/VC)
The synthesis and characterization of CNC-OX and CNC-CSOS were described in detail
in Chapter 4. To 10 mL 0.1 wt% CNC-CSOS in acetic acid (6 v/v %), 4 mL of freshly
prepared vitamin C in D.I. water (1 mg/mL) was added while stirring. After 5 minutes, 6
mL of sodium TPP (5 mg/mL) was added dropwise to the solution using a syringe. The
pH of the mixture was kept at ∼3, while in some experiments the pH was adjusted to ∼5.
The mixture was then vortexed for 5 minutes and sonicated for 10 minutes. Oxygen in the
system was removed by bubbling argon into the vessel for 10 minutes. The vessel was then
covered in aluminum foil and the mixture was left to stir overnight in darkness.
6.2.3 Transmission Electron Microscopy (TEM)
TEM images of CNC-CSOS and CNCS/VC were recorded using a Philips CM10 TEM with
60 keV acceleration voltages. A few drops of 0.01 wt% aqueous samples were deposited
on a carbon-formvar film on 200 mesh copper grids. Excess solvent was removed from the
grids placed on top of a filter paper to minimize the agglomeration of particles and the
grids were dried overnight.
6.2.4 Vitamin C Encapsulation Efficiency and Drug Loading
In order to remove the unbound vitamin C and calculate the encapsulation efficiency and
loading of vitamin C, CNCS/VC solution was passed through an ultrafiltration stirred
cell (Millipore Corporation, Bedford, USA) with filters having a cut-off pore size of 25
nm (Millipore, VSWP, Ireland). The concentration of free vitamin C in the filtrate was
measured at 265 nm using an Agilent 8453 UV-visible spectrophotometer and based on
the vitamin C calibration curve. A fresh stock solution containing 100 µg/mL of vitamin
C was prepared by dissolving 1.5 mg of vitamin C in 15 mL of D.I. water. The solution
was stored in a glass-stoppered bottle, which was covered in an aluminum foil. Standard
solutions of different concentrations (50, 25, 18.75, 12.5, 10, 7.5, 5 and 1 µg/mL) were
prepared by diluting the stock solution in D.I. water and the absorbance of these solutions
was recorded at a wavelength of 265 nm by an Agilent 8453 UV-visible spectrophotometer.
The encapsulation efficiency and drug loading were determined indirectly by measuring
the free vitamin C in the filtrate using the following expressions:
Encapsulation Efficiency (%) =
[Vitamin C]total − [Vitamin C]filtrate
[Vitamin C]total
× 100 (6.1)
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Drug Loading (%) =
Weight of Vitamin C loaded
Weight of CNC-CSOS
× 100 (6.2)
6.2.5 Differential Scanning Calorimetry (DSC)
Calorimetric analyses were performed using a Q2000 calorimeter (TA Instruments Inc.,
USA). Approximately 2 mg of the samples (vitamin C, CNC-CSOS, and CNCS/VCpH=5)
were placed in standard aluminum pans and sealed by a hermetic aluminum lid. The
samples were heated from 20 ◦C to 300 ◦C with a heating rate of 10 ◦C/min under nitrogen
atmosphere.
6.2.6 UV Spectrophotometry For Proving the Complex Forma-
tion
Spectra of 0.1 wt% vitamin C, CNC-CSOS, and CNCS/VC in quartz cuvettes (Hellma
Analytics) were recorded at 265 nm using an Agilent 8453 UV-visible spectrophotometer.
6.2.7 Vitamin C In Vitro Release Studies
2 mL of CNCS/VC complex was placed in a SnakeSkin dialysis tube (Pierce Biotechnology
Inc., Mw cut off: 3500 Da) and immersed in 20 mL of phosphate buffer saline (PBS,
pH=7.4) while being gently stirred in the dark in a closed container. At given time intervals,
1 mL aliquots were removed for analysis and replaced with the same volume of fresh release
medium. Based on the vitamin C calibration curve, the samples were assayed for vitamin C
content. In order to compare the stability of vitamin C loaded in the CNCS/VC complex,
a known solution of vitamin C with the same amount of vitamin C loaded in the complexes
was placed in a SnakeSkin dialysis tube and immersed in 20 mL PBS buffer as a control.
6.2.8 Isothermal Titration Calorimetry (ITC)
The Microcal VP-ITC instrument was used to study the interactions between vitamin
C and CNC-CSOS at pH 3 and pH 5. Once the thermal equilibrium was reached, the
titrations were performed at a constant temperature by injecting the titrant (vitamin C
100 mM) from a ∼282 µL injection syringe into a 1.4551 ml sample cell filled with 0.1 wt%
111
CNC-CSOS solution prepared at the same pH. An injection schedule was automatically
performed using an interactive software after setting the number of injections, volume
of each injection, and time between each injection. Blank titrations were performed by
injecting the same aliquot of vitamin C into water at the same pH to obtain the heat of
dilution.
6.2.9 DPPH Radical Scavenging Activity
The antioxidant activity of the samples was measured by a slightly modified DPPH scav-
enging activity method [225]. To study the scavenging activity of samples, 1 mL test
samples at different concentrations were diluted with 1.85 mL of alcoholic reagent and
the absorbance was measured as blank. CNC-CSOS samples were prepared in acetic acid
(6% v/v) to ensure complete solubility. 150 µL of freshly prepared methanolic solution
of DPPH (1 mg/mL) was then added to the solutions. The reaction mixture was shaken
well and incubated for 30 minutes at room temperature in darkness. The absorbance of
the resulting solutions was determined at 517 nm against a blank using the Agilent 8453
UV-visible spectrophotometer. Solvents with DPPH were used as a control. Each sample
was run in triplicate, and the values were averaged. The radical scavenging activity was
measured by the reduction in the absorbance of DPPH and it was calculated using the
following equation:
DPPH Scavenging Activity (%) =
AControl − ASample
AControl
× 100 (6.3)
6.2.10 Antioxidant Activity Kinetics
Antioxidant kinetics of CNC samples were studied by measuring the rate constant (k)
of each scavenging activity reaction using the same DPPH protocol [226]. 1 mL sample
solutions (0.1 wt%) were diluted with 1.85 mL of alcoholic reagent and then 150 µL of
freshly prepared methanolic solution of DPPH (1 mg/mL) was added to the solutions.
The solution was fully mixed and the reduction in absorbance was determined at 517 nm
at time 0, and different time intervals over a period of 200 minutes using a Cary 100 Bio
UV-visible spectrometer. All experiments were repeated in triplicate. The antioxidant rate
constant (k) was calculated using the following equation:
− kt = ln A∞ − At
A∞ − A0 (6.4)
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where, t is time and A∞, At, A0 are the absorbances at infinite time, time t, and at
time zero, respectively.
6.3 Results and Discussion
6.3.1 Synthesis of CNC-CSOS/Vitamin C Complex (CNCS/VC)
The structure of CNC-CSOS and vitamin C along with a schematic representing the mech-
anism of formation of CNCS/VC is shown in Figure 6.2. The CNCS/VC complexes were
produced spontaneously by the ionotropic gelation between vitamin C, TPP and positively
charged amino groups on CSOS [224]. Unlike other crosslinking agents (formaldehyde or
gluteraldehyde), TPP is non-toxic [227, 228]. CS has protonable amine groups, which pos-
sess positive charges at a pH below 6, and vitamin C possesses many electrophilic groups.
Four hydroxyl groups with different acidities are present in the structure of vitamin C in
positions 2, 3, 5, and 6 giving rise to varying pKa values for each hydroxyl group. The
strongest acidity belongs to the hydroxyl group in position 3 (pKa=4.2). Hydroxyl groups
in position 2 possess a pKa value of 11.6. Hydroxyl groups in positions 5 and 6 act as
secondary and primary alcoholic residues, respectively [229]. CNCS/VC complexes are
formed through non-covalent bonds such as H-bonds and hydrophobic interactions [230].
Based on the Lewis acid-base theory, the acidic hydroxyl group in position 3 of vitamin
C is expected to react with the amino groups of chitosan [231]. At pH 5, additional elec-
trostatic interactions between the amino groups of CSOS in CNC-CSOS and deprotonated
hydroxyl groups in vitamin C are expected.
6.3.2 TEM Analyses
The TEM images of CNC-CSOS and CNCS/VC complex are shown in Figure 6.3A and B,
respectively. It can be seen that CNCS/VC complexes were larger compared to the loose
network structures of CNC-CSOS due to ionic gelation.
6.3.3 Vitamin C Encapsulation Efficiency and Drug Loading
The encapsulation efficiency (EE%) and drug loading (DL%) of vitamin C in CNCS/VC
complexes were calculated indirectly by measuring the vitamin C in the filtrate using a
vitamin C calibration curve (Figure 6.4). The results based on three measurements are
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Figure 6.2: Illustration of formation of CNCS-VC complex by ionic gelation
Figure 6.3: TEM images of CNC-CSOS and CNCS/VC complex.
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Figure 6.4: Calibration curve of vitamin C.
Table 6.1: Encapsulation Efficiency and Drug Loading of vitamin C in CNCS/VC com-
plexes at pH 3 and pH 5 (n=3)
pH EE%SD DL%SD
3 71.6 ± 6.8 28.6 ± 2.7
5 91.0 ± 1.0 38.4 ± 2.5
summarized in Table 6.1. It can be seen that a higher EE% and DL% of vitamin C was
observed at pH 5. The first pKa of vitamin C is at pH 4.2. At pH 3 the hydroxyl groups
of vitamin C are protonated and the loading is probably due to the physical entrapment
of vitamin C and hydrogen bonding with CNC-CSOS. At pH 5, vitamin C is partially
deprotonated, resulting in an additional electrostatic interaction between positively charged
CNC-CSOS and the negative charge on vitamin C, leading to a higher encapsulation and
loading.
6.3.4 Differential Scanning Calorimetry (DSC)
In order to study the physical state of the materials, DSC analyses of pure vitamin C,
CNC-CSOS, and CNCS/VC were performed (Figure 6.5). The calorimetric analysis of
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Figure 6.5: DSC thermograms of CNC-CSOS, vitamin C, and CNCS/VC complex.
pure vitamin C displayed a sharp endothermic peak due to the melting point of vitamin C
molecules at 190 ◦C. The absence of the endothermic peak of vitamin C in the CNCS/VC
complex indicated the ionic interactions between vitamin C and CNC-CSOS and the com-
plex formation [232]. This phenomenon can also be attributed to the miscibility of vitamin
C complexed with CNC-CSOS [233].
6.3.5 UV Spectrophotometry for Proving the Complex Forma-
tion
Further confirmation of the insertion of vitamin C in CNC-CSOS was obtained by comparing
UV spectra of pure vitamin C, CNC-CSOS, and CNCS/VC (Figure 6.6). It can be seen
that vitamin C displayed an absorption peak at 265 nm. The CNCS/VC UV spectrum
clearly showed the absorption peak of vitamin C, which is indicative of the presence of
vitamin C in its native form. In the presence of amine moieties, the lactone ring in the
structure of vitamin C can be subjected to ring opening. The presence of the vitamin
C absorption peak in the CNCS/VC complex suggested that vitamin C was not subject
to ring opening during the complex formation [231]. The shift in the absorption peak of
vitamin C to lower wavelengths in the complex and its broadening could be attributed to
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Figure 6.6: UV spectrum of CNC-CSOS, vitamin C and CNCS/VC.
the complexation between vitamin C and reactive groups of CNC-CSOS. Similar results
were reported in the literature [234].
6.3.6 Vitamin C In Vitro Release Studies
The cumulative in vitro vitamin C release from CNCS/VC loaded at pH 3 and 5 is shown
in Figure 6.7. The in vitro release profile of vitamin C loaded at pH 5 showed a more
controlled release profile and a higher percentage of vitamin C was released. This could be
attributed to the higher loading of vitamin C in the complex at pH 5, which resulted in
a higher concentration gradient and faster diffusion. The size of vitamin C is significantly
smaller than CNC-CSOS and vitamin C molecules can easily diffuse through the pores and
from the surface of the carrier [29]. A control solution of vitamin C containing the same
amount of vitamin C loaded at pH 3 in CNCS/VC complexes was placed in a dialysis tube
and immersed in PBS solution. The controlled vitamin C solution diffused rapidly from
inside the dialysis tube to the release medium and degraded over time; however, based
on Figure 6.7, vitamin C loaded in CNCS/VC was released gradually over 20 days from
the complex and was more stable. Our results are in accordance with the results reported
by Alishahi and coworkers, where they compared the shelf life of free vitamin C with
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Figure 6.7: Vitamin C in vitro release profile from CNCS/VC (prepared at pH 5 and 3)
and control vitamin C (pH 3) in PBS pH=7.4.
encapsulated vitamin C in CS nanoparticles. Encapsulated vitamin C was more stable
where a ∼ 70% reduction in free vitamin C concentration was observed over a period of 20
days [235].
6.3.7 Thermodynamics of CNC-CSOS and Vitamin C Interaction
ITC was used to investigate the binding thermodynamics between vitamin C and CNC-CSOS
at pH 3 and 5. Figure 6.8 shows the raw ITC data of titrating 100 mM vitamin C into
CNC-CSOS at pH 3 and 5 as well as the blanks containing the same concentration of vita-
min C titrated into water. The pH of the titrant and CNC-CSOS solutions were adjusted
to the same pH values. Our results were reproducible and displayed an unusual behavior.
At pH 3, titrating vitamin C into water resulted in an exothermic heat of dilution plot
(plot a). However, when titrating vitamin C into CNC-CSOS at pH 3, we observed small
exothermic peaks with a shift in the baseline (plot b). At pH 5, raw ITC plot of titrating
vitamin C into water displayed a significant baseline drift with the first titration points
being exothermic and the final points being endothermic (plot c). This could be due to
the instability of vitamin C at pH 5, leading to a continuous change in the characteristics
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Figure 6.8: Raw ITC data for titrating 100 mM vitamin C (VC) into (a) water at pH 3,
(b) water at pH 5, (c) CNC-CSOS at pH 5 and (d) CNC-CSOS at pH 3.
of the titrant, i.e. vitamin C. Titrating vitamin C into CNC-CSOS at pH 5 resulted in
an interesting and reproducible thermogram (plot d). The few first titrations resulted in
large exothermic peaks with a drastic baseline drift. The fact that the equilibrium was not
re-established after the first few injections could indicate that the binding of vitamin C to
CNC-CSOS at pH 5 was affected by a slow aggregation-like process [236]. However, as seen
in Figure 6.8d, after a fixed number of injections, and once the complex between vitamin
C and CNC-CSOS was formed, the equilibrium was re-established and there was no drift in
the baseline. The large exothermic peaks when titrating vitamin C into CNC-CSOS at pH
5 compared to pH 3 could be attributed to ionic interactions between negatively charged
vitamin C and positively charged CNC-CSOS. This result could explain the higher binding
efficiency for vitamin C at pH 5 reported in Table 6.1.
6.3.8 DPPH Radical Scavenging Activity
An important antioxidant mechanism involves the scavenging of hydrogen radicals. DPPH
possesses a hydrogen radical with a characteristic absorbance of 517 nm. As antioxidants
react with DPPH radical, the absorbance at 517 nm decreases and the purple color of the
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DPPH solution changes to yellow [225]. Therefore, by measuring the absorbance using
a spectrophotometer, the progress of the reaction can be analyzed [237]. In this study,
DPPH was used to deduce the antioxidant activity of samples. The scavenging activity
(SA%) of the samples on DPPH at various concentrations is shown in Figure 6.9. Our
results showed that oxidizing the CNC enhanced its antioxidant activity. Also, the SA%
of CNC-CSOS was much higher than the SA% of the physical mixture of its precursors
(CNC-OX + CSOS). The scavenging activity of samples depends on their capacity to
donate an electron to DPPH. This property is a function of different sizes of electron-cloud
density and its accessibility to DPPH [238]. The higher SA% of CNC-CSOS compared to
its precursors could be due to the orientation of the functional groups of CS chain after the
chemical conjugation on the CNC surface leading to increased accessibility of the functional
groups to react with the DPPH radical. The decrease in the SA% of CNC-CSOS at 1 wt%
concentration might be attributed to the slight reduction in the solubility of CNC-CSOS,
leading to a lower antioxidant activity. Moreover, the lower mobility of CNC-CSOS at
high concentrations might increase the possibility of inter- and intramolecular bonding
that minimized the exposure of active functional groups that were responsible for the
scavenging activity.
The SA% of 0.1 wt% CNCS/VCpH=5 and 0.1 wt% vitamin C was measured over 4
consecutive days (Figure 6.10). It can be seen that the SA% of the vitamin C solution
slightly decreased over the course of 4 days due to the instability of vitamin C. The SA%
of CNCS/VCpH=5 increased over time as vitamin C was being released from the complex.
The results are in accordance with the vitamin C release profile observed in Figure 6.7.
The low SA% of CNCS/VCpH=5 on day 1 might be due to the involvement of the functional
groups of CNC-CSOS with vitamin C in the complex preventing the functional groups from
reacting with the DPPH radical.
6.3.9 Antioxidant Kinetics Studies
The antioxidant kinetics of CNC samples were studied by monitoring the decay of the
absorbance peak of DPPH at 517 nm over time and calculating the rate constants (k).
The antioxidant reaction rate has been proposed as another parameter to elucidate the
antioxidant activity of various of compounds [239]. As seen in Figure 6.11, CNC-CSOS
possessed the largest slope leading to the highest rate constant, and the slope of the
first-order kinetic plot of CNC-OX was larger than CNC. DPPH was added in excess and
sample concentration determined the rate therefore a first-order plot was applied. The high
antioxidant rate constant leading to the fastest antioxidant activity observed for CNC-CSOS
might be attributed to the presence of several functional groups (OH, COOH and NH2) on
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Figure 6.9: Scavenging activity of different samples at different concentrations on DPPH
radical (n=3).
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Figure 6.10: Scavenging activity of CNCS/VCpH=5 and vitamin C over time.
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Figure 6.11: (A) Decay of the visible absorbance (517 nm) of a DPPH solution following
addition of CNC samples. (B) Estimation of antioxidant rate constant for first H atom
abstraction (k) for CNC samples using Eq. 6-4).
the surface of CNC and their synergistic effect in increasing the speed of the scavenging
activity.
6.4 Conclusions
An effective and novel antioxidant system was developed by forming complexes between
vitamin C and cellulose nanocrystals grafted with chitosan oligosaccharide (CNC-CSOS).
CNC-CSOS was first prepared via peptidic coupling by reacting the carboxylic acid groups
on oxidized CNC with the amino groups on CSOS. CNCS/VC complexes were then pre-
pared using TPP through the ionic complexation of CNC-CSOS and addition of vitamin C
at pH 3 and 5. TEM images showed complexes with a size of approximately 1 µm. DSC
and UV spectrophotometry confirmed the presence of vitamin C in the CNCS/VC com-
plexes. The encapsulation efficiency of vitamin C was higher (∼ 91%) at pH 5 compared
to pH 3 (∼ 72%). The in vitro release of vitamin C from CNCS/VC complexes displayed
a sustained release up to 3 weeks with the released vitamin C displaying higher stability
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compared to a controlled vitamin C solution. The DPPH method was used to study the
scavenging activity and antioxidant kinetics of various CNC samples, CSOS, and vitamin
C as control. CNC-CSOS had a higher scavenging activity and antioxidant rate constant
compared to oxidized CNC and CSOS and their physical mixture, denoting a synergistic
activity against the DPPH radical. Therefore, by loading vitamin C into CNC-CSOS par-
ticles, an efficient dynamic antioxidant agent was produced, and vitamin C is released over
time with the carrier CSOS also possessing desirable antioxidant properties. The pH, high
loading, and stability of vitamin C in CNCS/VC complexes make it an excellent candidate
for applications in topical cosmeceuticals.
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Chapter 7
Original Contributions and
Recommendations
7.1 Original Contributions to Research
Due to the need to reduce the dependence on fossil fuels and diminish environmental pol-
lution, developing novel, biocompatible and biodegradable systems for biomedical appli-
cations with unique properties based on green renewable materials is extremely desirable.
This thesis aims at developing novel functional materials based on CNC for biomedical
applications by exploring the combination of engineering techniques and chemical syn-
thesis. This thesis includes the following parts: (i) amine functionalization of CNC; (ii)
surface modification of CNC with CSOS; (iii) evaluating the potentials of CNC, CNC-OX
and CNC-CSOS as potential carriers for two cationic model drugs; and (iv) investigation of
antioxidant properties of CNC samples and exploring the effectiveness of CNC-CSOS in the
delivery of vitamin C. The main findings of each section are summarized in the following:
Preparation, optimization and characterization of amine functionalized cellu-
lose nanocrystals: The surface of CNC was functionalized by amine groups with a
high yield using an etherification reaction. Ammonium hydroxide was first reacted with
epichlorohydrin (EPH) to produce 2-hydroxy-3-chloro propylamine (HCPA), which was
then reacted with the hydroxyl groups on CNC. Optimization of reactant ratios, time,
temperature, and refluxing the reaction increased the amine content drastically compared
to the results published in literature. Centrifugation of the amine functionalized CNC and
studying the supernatant confirmed that there were aminated polymers present due to the
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polymerization of EPH. The purified amine CNC found in the sediment possessed a high
amine content of 0.6 mmol/g. The amine functionalized CNCs were characterized using
elemental analysis, potentiometric titration, and TEM. The positive zeta potential of the
amine functionalized CNC at low pH led to increased relative viscosity measurements due
to the presence of electrostatic interactions.
Surface modification and characterization of cellulose nanocrystals grafted with
chitosan oligosaccharide: A peptidic coupling reaction was used to chemically graft
CSOS onto TEMPO-oxidized CNC (CNC-OX). FT-IR and potentiometric titration re-
vealed a degree of oxidation of 0.28 for CNC-OX. The reduction of the C=O peak of
CNC-OX in CNC-CSOS in FT-IR and
13C NMR spectra together with the appearance of
new amide bonds confirmed the success of the chemical grafting. Moreover, due to the
formation of new covalent bonds, an increase in the thermal decomposition temperature
of CNC-CSOS was observed. Zeta potential measurements showed a reversal of surface
charge for CNC-CSOS from +40 mV to -40 mV when the pH was increased from 4 to 10.
AFM and TEM images revealed a loose network structure for CNC-CSOS with a size of
approximately 500 nm.
Study of the interactions of two cationic model drugs with cellulose nanocrys-
tals and in vitro drug release studies: Two cationic model drugs, namely procaine
hydrochloride (PrHy) and imipramine hydrochloride (IMI), were loaded onto CNC and
two of its derivatives, CNC-OX and CNC-CSOS. Isothermal calorimetry, transmittance,
and zeta potential measurements were used to elucidate the complexation between the
drugs and CNC samples. The strongest interaction was observed between IMI and CNC-
OX, leading to a large exothermic peak observed in ITC thermogram, which was further
confirmed by visual observation of the complexes. Stable drug selective membranes with
fast response were prepared for each drug molecule. A drug selective electrode was used
to quantify the binding efficiency of the drugs to CNC samples and to monitor in vitro
release profiles. Different release profiles at varying pH conditions were observed due to
the pH responsive properties of the systems and changes in the solubility of drugs. Both
drugs were released relatively fast from CNC samples due to the ion-exchange effect. The
presence of CSOS chains on the surface of CNC in CNC-CSOS displayed a more sustained
release profile at higher pH while increasing the release rate of the cationic drugs at lower
pH due to its positive charge. It is believed that these immediate drug release systems
could have potential applications in the delivery of local anesthetics and the treatment of
wounds in the oral cavity.
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Investigating the antioxidant properties of CNC and the potentials of CNC-CSOS
as a carrier for the delivery of vitamin C: The antioxidant properties of CNC,
CNC-OX and CNC-CSOS were studied against the DPPH radical. It was shown that by
grafting CSOS onto CNC, a synergistic antioxidant activity was observed. This could be
due to the increased availability of the functional groups in the grafted CSOS. Studying
the antioxidant kinetics also revealed a rapid antioxidant activity for CNC-CSOS. More-
over, CNCS/VC complexes were formed between vitamin C and CNC-CSOS via an ionic
gelation procedure using TPP at pH 3 and 5. The complexes were studied by TEM, UV
spectrophotometry, and DSC. A higher encapsulation efficiency of ∼91% was calculated
at pH 5 compared to ∼72% at pH 3. Strong exothermic peaks observed in ITC studies
at pH 5 suggested that this could be attributed to additional electrostatic interactions at
pH 5. Vitamin C was released gradually from CNCS/VC complexes over 3 weeks and was
more stable compared to the controlled vitamin C solution. The stability of vitamin C in
the presence of CNC-CSOS was also observed in the ITC plots. Our results showed that
the high and fast antioxidant properties of CNC-CSOS make it an excellent candidate for
the encapsulation and delivery of vitamin C in topical cosmeceutical formulations. It is
speculated that once the vitamin C is released from its carrier (i.e. CNC-CSOS), not only is
it more stable, but also additional antioxidant properties can be derived from CNC-CSOS.
7.2 Recommendations for Future Studies
Based on the results from this doctoral research, the following recommendations are pro-
posed for further studies. In the present research, amine functionalized CNC with high yield
was prepared and characterized (Chapter 3). Amine CNC can be further functionalized
with various biomolecules for different applications. Attempts have been made to synthe-
size and characterize amine CNC grafted with gallic acid (GA). The chemical structure of
GA (3,4,5-trihydroxy benzoic acid), a natural antioxidant found in plants, such as green
tea is shown in Figure 7.1 [240]. The carboxylic acid group in the structure of GA allows
the possibility of a peptidic coupling reaction with amine groups such as CS [241]. The an-
tioxidant and antibacterial properties of amine CNC-GA need to be explored. Preliminary
studies on the conjugation of GA onto CNC-CSOS has also been explored. Comparing the
antioxidant properties of GA grafted onto amine CNC surface to those grafted on CSOS
chains on the surface of CNC will shed light on the importance of the physical orientation
of the antioxidant molecules in the presence of CNC and their synergistic properties.
Chitosan oligosaccharide grafted onto CNC (CNC-CSOS) was synthesized and fully
characterized (Chapter 4). This robust novel system was explored as a carrier for two
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Figure 7.1: Chemical structure of gallic acid (GA).
model cationic drugs (i.e. IMI and PrHy) in Chapter 5. The interactions between these
model drugs and CNC-CSOS were investigated using ITC and the in vitro drug release
profiles were obtained using drug selective electrodes. It is believed that CNC-CSOS can
be used for the delivery of a wide range of chemical compounds. CNC-CSOS would form
hydrophobic interactions with compounds due to its carbon backbone. Also, depending
on the pH CNC-CSOS can be positively or negatively charged which allows the interaction
with cationic and anionic compounds. At low pH where the amino groups on CSOS are
protonated, the particles are positively charged and negatively charged chemicals can be
loaded via electrostatic interactions. Increasing the pH, will deprotonate the amino groups
and particles will be negatively charged due to the COO− and OSO−3 groups. Therefore,
the release of the anionic compound would be triggered. The same situation would apply
for the loading of cationic compounds at a high pH and triggering the release by reducing
the pH. CNC-CSOS can also form hydrogen bonds with many compounds. Drug selective
electrodes can be prepared for a model anionic drug and the potentials of CNC-CSOS as a
carrier for anionic drugs can be investigated. Moreover, the pH triggered drug release of
the cationic and anionic model drugs can be investigated. The antibacterial properties of
CNC-CSOS against gram-positive and gram-negative bacteria can also be explored.
Due to the film forming properties of CNC, thin films of CNC-CSOS can be prepared by
different methods such as free casting and spin coating. The physical properties of the thin
films in terms of adhesion, friction, and contact angle can be investigated. Furthermore,
different drugs can be loaded in the thin films and the in vitro release profiles can be
studied. Given the mucoadhesive properties of CS, mucoadhesion tests can be performed
to identify this property. CNC-CSOS thin films with antibacterial, mucoadhesive, and high
drug loading could have potential applications in buccal delivery for treatment of problems
in the oral cavity.
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CNC-CSOS was used to encapsulate unstable vitamin C and the antioxidant properties
of CNC and its derivatives were investigated against DPPH radical (Chapter 6). The
antioxidant properties of CNC and its derivatives need to be investigated against other free
radicals such as hydroxyl and superoxide radicals. Furthermore, the long-term stability of
CNCS/VC complex and its antioxidant activity should to be investigated.
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